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ABSTRACT OF DISSERTATION

MICROSCALE CONTACT AND FRICTION OF LOW MODULUS, LIGHTLY
CROSSLINKED POLYDIMETHYLSILOXANE
Friction and adhesion of soft materials are important for pressure sensitive
adhesives, biomaterials, and soft robotics; however, the behavior on the microscale is not
fully understood. When two objects come into contact, their interactions are usually
mediated by small contact points due to surface roughness. At the microscale size, surface
forces can deform soft materials to minimize energy by increasing the contact area, which
is balanced by the elastic deformation of the polymer network. However, for soft,
crosslinked materials with a modulus below ~100 kPa, it is challenging to predict the
behavior with prior contact and friction models. Additionally, lightly crosslinked,
polymeric materials often contain an uncrosslinked liquid portion (free chains), which
complicates the contact and friction behavior. In this dissertation, we combine confocal
microscopy, colloidal probe microscopy, and lightly crosslinked polydimethylsiloxane
(PDMS) to investigate microscale contact and friction mechanisms of soft materials.
To better understand the lightly crosslinked PDMS, we first characterize its
material properties, with and without free chains. The PDMS is made using a commercially
available Sylgard 184 kit with different mixing ratios of the base to curing agent. To test
the material without free chains, we develop a simple and inexpensive extraction method
that enables the removal of free chains from a lightly crosslinked PDMS sheet, while
retaining its geometry. We then compare the modulus, strain at break, and hysteresis
response before and after free chain removal. We find that the modulus, maximum
stretchability, and dissipation increase upon extraction.
After characterizing the material, we use a confocal microscope to investigate the
contact mechanics of a glass microsphere on ~5 kPa PDMS, when a layer of oil is present.
Decreasing the amount of oil on the surface increases how far a glass microsphere indents
into the substrate, due to a liquid capillary force from the oil. To predict the indentation
depth, we propose a simple model that balances the capillary force of the oil layer and the
particle-substrate adhesion with the elastic and surface tension forces of the substrate. Both
the JKR (Johnson-Kendall-Roberts) and Hertz contact models are compared as the basis to
describe contact. Our results show that minimal solid adhesion exists in the presence of the
oil layer, and that surface stress needs to be considered to describe the contact.
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In the last sections of this dissertation, we investigate friction by moving the PDMS
surface laterally while measuring forces in-situ with an atomic force microscope (AFM).
We find that folding occurs with a sufficiently high lateral resistance, although the folds
themselves do not increase the peak lateral force. Through finite element analysis (FEA)
from a collaboration, experimental surface treatments, and in-situ AFM-confocal studies,
we show that adhesion energy alone is not sufficient to predict the nucleation of folds or
the lateral force. Additionally, we explore the periodicity of the folds and stick-slip
response during the kinetic portion of the friction curve. In summary, this dissertation
quantifies the effect of free chains on the mechanical properties of lightly crosslinked
PDMS, proposes a contact model for when an oil layer is present, and discovers a folding
mechanism that enables lateral motion across soft materials, offering new insight into
microscale soft contact and friction.
KEYWORDS: Lightly-crosslinked Polydimethylsiloxane (PDMS), Confocal
Microscope, Lateral Force Microscopy (AFM), elastocapillary scale, soft
material friction, uncrosslinked free chains
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CHAPTER 1. INTRODUCTION
1.1

Overview

Contact between two macroscopic surfaces is often considered to be comprised of
thousands of individual small contacts. Friction between these surfaces is therefore dictated
by these small contacts.1,2 In the case of lightly crosslinked, soft elastomers, which often
comprise liquid free molecules (free chains) and a solid polymer network, these small
contacts can be strongly affected by both surface forces and weak elastic forces. 3,4 The
term “small” is given here by the elastocapillary length, 𝐿𝐸𝐶 , defined as the ratio of surface
stress to Young’s modulus, 𝐿𝐸𝐶 = 𝛶/𝐸.3 During microscale indentation of lightly
crosslinked, soft polydimethylsiloxane (PDMS) materials, liquid can diffuse out of the
crosslinked network and form a meniscus.5,6 The presence of liquid generally reduces the
amount of solid contact and reduces friction at the macroscale. On the other hand, these
liquid molecules can contribute to capillarity and adhesion on the small scale.3 Therefore,
to understand microscale friction on soft, lightly crosslinked elastomers, it is important to
understand the effect of free chains on the material properties, as well as the contact
between a small indenter and soft PDMS. In this dissertation, we first characterize the
material properties of our material with and without free molecules, followed by describing
microscale contact when an oil layer is present. We then report our findings on microscale
friction on lightly crosslinked, silicone elastomers. Polydimethylsiloxane (PDMS)
elastomers are utilized for this investigation because they are common model materials for
indentation and adhesion studies on soft surfaces. Prior to this current work, adhesive
friction near the elastocapillary length scale has yet to be well investigated.
1.2
1.2.1

Background.
Macro to micro scale

The question of how two objects move past one another dates back hundreds of
years to Leonardo da Vinci, yet it persists today.7 Using a block on a plane, da Vinci
described the relation between frictional force and normal force, suggesting that the
frictional force is independent of the contact size (Figure 1.1a). However, it was not until
~200 years later that Amonton reported the classical equation 𝐹𝑓 = 𝜇𝐹𝑛 , now known as
Amonton’s Law7,8. Amonton’s law relates the normal force, 𝐹𝑛 , to the friction force, 𝐹𝑓 ,
through a material dependent term known as the coefficient of friction, 𝜇 7,8. Almost a
hundred years later, Coulomb reported the separation of static and kinetic friction, which
showed that the coefficient of friction is different depending on whether the surfaces are in
relative motion8. Using this classic equation allows for the prediction of macroscopic
friction based on prior experimental results; however, it does not provide fundamental
insight into the mechanisms responsible for the frictional resistance. Since friction is a
measure of the resistance required to move an object past another, the interaction between
the surfaces should determine this lateral force. When zooming in on a cross section of the
interface between two surfaces, many points of contact can be observed (Figure 1.1b).9
These points of contact are associated with the real contact area, which can be
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approximated as individual spherical contacts. There is an important distinction between
apparent contact area and real contact area. The apparent contact area is the total area over
which contact can occur, i.e. the face of the block, while real contact is the area that makes
true contact at the interface. One question of interest is how a small, stiff contact point
starts moving on a soft surface, such as a rubber or a gel; this can be analogous to one of
the many points under a piece of tape on a rough surface, or to one of the many small hairs
on a climbing gecko’s feet.10

Figure 1.1. (a) Drawing of friction experiments found within Leonardo da Vinci’s notebook
from Hutchings7. (b) Magnification of the interface between two surfaces demonstrating
the presence real contact points, which can be approximated as a spherical contact. (c)
Schematic demonstration of apparent vs real contact.

1.2.2

Lightly-crosslinked materials

To study soft friction at the microscale, we utilize polydimethylsiloxane (PDMS)
elastomers from a commercially available Sylgard 184 kit. PDMS-based elastomers are
found in a host of applications, from adhesives11,12 and biomaterials13-18 to soft robotics1921
and 3D printing.22,23 These elastomers are also common in fundamental research on soft
matter physics and mechanics. For example, studies on soft adhesion,3,24-28 wetting,5,29,30
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cavitation,31,32 and cell-surface interactions13,15 frequently implement PDMS as a model
material. PDMS is used because it is commercially available (e.g. Sylgard 184, Ecoflex
00-30, Solaris, etc.), easy to prepare, and easy to tune the elastic modulus from a few MPa
down to a few kPa.3,13-15,17,25,29,33-47 In the case of Sylgard 184, which is used throughout
this dissertation, the reduction of the relative curing agent reduces the modulus from 2 MPa
for 10 base to 1 curing agent down to 4 kPa for 60 base to 1 curing agent (Figure 1.2a).
This simple modulus control has enabled the growing and vast use of commercial PDMS
elastomers with moduli below 100 kPa.3,13,25,32,33,36-40,43,44 In order to decrease the modulus,
the amount of crosslinking agent is reduced relative to the prepolymer base in many
commercial elastomers, which come as two part kits. However, as the crosslinker amount
is reduced to create lower modulus materials, a smaller number of reactions occur, leaving
less chains connected to the network; this forms a material with both a liquid portion (free
chains) and a solid portion (crosslinked network), rather than a purely solid network
(Figure 1.2b). Although the effect on the modulus from the reduced curing agent is well
understood, the effect on mechanical properties caused by the presence of free chains for
Sylgard 184 is not fully characterized.

Figure 1.2. (a) Moduli of Sylgard 184 as-prepared as a function of crosslinking agent from
several independent studies that measured the modulus by a range of mechanical testing
techniques.3,13-15,17,25,29,33-47 (b) schematics showing how a crosslinked polymer network
changes as crosslinker is reduced.
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Additionally, free chains do not only affect the macroscopic mechanical properties,
but also the interfacial properties. Free molecules are able to migrate within the network
and have recently been shown to play an important role near soft deformable interfaces.
For example, Hourlier-Fargette et al. showed that free molecules are drawn from a silicone
elastomer by a sliding water drop, which alters the drop sliding dynamics. 29 Lorenz et al.
also demonstrated that free molecules transfer to an indenter during repeated soft adhesion
tests, leading to a decrease in adhesion.24 Additionally, when a glass microsphere comes
into contact with lightly-crosslinked silicone elastomers, free chains can migrate to the
contact and form a liquid meniscus.3-6,24,48-50 Hence, to better investigate microscale soft
friction, it is also important to understand the contact mechanics for soft materials.
1.2.3

Contacts mechanics

Figure 1.3. A description of the contact shape for the Hertz and JKR models, and their
difference to the elasto-capillary scale. Variables for contact equations are provided. Note
that drawings are exaggerated for clarity.
Contact models have been developed to describe how a sphere with radius 𝑅 comes
into contact with another body, such as a flat surface. This is defined by the indentation
depth 𝑑, the contact radius 𝑎 (Figure 1.3, left), and the applied force 𝐹. The first contact
model for a spherical contact was the Hertz model, developed in the 1880s.51 Assuming
the substrate is much softer than the spherical probe, the indentation depth and force are
given by:
𝑎2
𝑅

(1.1)

4𝐸𝑎3
3𝑅(1 − 𝑣 2 )

(1.2)

𝑑=

𝐹=
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where 𝐸 and 𝜈 are the Young’s modulus and Poisson’s ratio of the substrate, respectively.52
The Hertz model makes the assumptions that the contact is frictionless, the strains are
small, the substrate is an elastic half-space, and a is much smaller than R. It only considers
the mechanical resistance of the material due to deformation; any attractive surface forces
between the probe and the surface material are ignored. Adhesive forces from a soft
substrate, which are considered extensively throughout this dissertation, cause deviation
from the Hertz model. A modified model that accounts for the adhesive forces within the
contact area comes in form of the JKR (Johnson-Kendall-Roberts) model, while
maintaining the previous assumptions, (Figure 1.3, middle).53 The JKR model describes
the indentation depth and the force as:

𝑎2
2𝜋𝑎𝑊(1 − 𝑣 2 )
−√
𝑅
𝐸

(1.3)

4𝐸𝑎3
2𝜋𝐸𝑊𝑎3
√
−
2
(1 − 𝑣 2 )
3𝑅(1 − 𝑣 2 )

(1.4)

𝑑=

𝐹=

Adhesive forces within the contact area are introduced through the work of adhesion,

𝑊 = 𝛾𝑠𝑣 + 𝛾𝑝𝑣 − 𝛾𝑠𝑝

(1.5)

which is calculated from the surface energies of each interface (Figure 1.3). The subscripts
are defined as substrate-vapor (𝑠𝑣), particle-vapor (𝑝𝑣), and substrate-particle (𝑠𝑝).3,5,52-54
Note that this is defined as the thermodynamic work of adhesion and not the measured
work of debonding that may include effects of rate or non-equilibrium situations. Due to
adhesion between the surface and particle, the indentation depth and contact area increase
and form a meniscus-like geometry near the contact line.
Though a more accurate model for soft materials than the Hertz model, the JKR
model also reaches limits of its description. At the microscale, soft materials below ~100
kPa can display unique behaviors where the JKR model does not accurately describe the
contact.4 As deformations become larger, surface stresses both inside and outside the
contact area can start to manifest. These effects are amplified at small size scales, such as
in the microscale contact between two surfaces described above in Figure 1.1b. This
transition seems to occur when surface tension is strong enough to balance elastic forces,
which is defined by a size scale relative to the elastocapillary length: 𝐿𝐸𝐶 =
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𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑡𝑟𝑒𝑠𝑠/𝑌𝑜𝑢𝑛𝑔′ 𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 = 𝛶/𝐸 . For example, a material with a Young’s
modulus of 1 MPa and a surface tension of ~20mN/m would possess a 𝐿𝐸𝐶 of
approximately 50 nm and behave more liquid-like, forming a large relative meniscus below
50 nm, (Figure 1.3, right). Meanwhile, a material with a Young’s modulus of 100 Pa would
possess a 𝐿𝐸𝐶 of around 500 µm.3 When attempting to use the JKR model to predict the
indentation depth for a hard sphere in contact with a soft surface, the JKR model deviates
from the experiment data near the elastocapillary size scale.4 In addition to the
elastocapillary length, an elastoadhesive length scale can also become important for soft
adhesive interfaces, 𝐿𝐸𝐴 = 𝑊/𝐸 , where 𝑊 is the work of adhesion.55 Therefore, near this
size scale, one may expect adhesion to play a dominating role in the mechanical behavior
of the interface.
1.2.4

Friction

Soft materials friction is a complex process where several phenomena can be
observed, including stiction and stick-slip.41 Stiction is associated with static friction,
where there is a need to overcome a threshold force for two surface to move relative to
each other. Often, stiction is caused by adhesion, which then leads to stick-slip behavior
during kinetic motion.56 Stick-slip is associated with a repeated movement cycle that
includes a sticking regime, followed by a quick slipping regime. Such behaviors can be
either advantageous or undesired. For example, stiction or stick-slip can lead to damage in
soft biomaterials, like articular cartilage in joints.57 On the other hand, California spiny
lobsters exploit stick-slip behavior to generate a defensive rasp sound by moving a soft
tissue over a stiff, exoskeletal surface covered in microscopic shingles.58 From a practical
perspective, tires utilize stiction to grip on various surfaces such as asphalt or concrete,
while biological and bioinspired adhesives require stiction to adhere to vertical walls and
ship hulls.59-61 Although stiction and static friction on a small scale is important for these
many situations, few investigations exist on the motion of microscale contact on a soft
surface.

Figure 1.4. (a) A side-view schematic showing the shape of a Schallamach waves and how
the surface peels off then reattaches to the probe. (b) An optical image of a Schallamach
wave formation under a glass sphere, imaged from the bottom. Scale bar is 2mm.
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Prior macroscale friction studies of a stiff probe moving along a soft adhesive
substrate have shown that Schallamach waves can emerge as the mechanism that enables
relative motion. First reported in 1971, Schallamach waves are defined as waves of
detachment that cross through the contact zone, and can be considered a type of stick-slip
phenomenon.62,63 Typically, these form when a buckling event occurs at the moving front,
which then reattaches to the stiff surface to create a pocket of air (Figure 1.4a). This air gap
then moves through the contact zone like a ruck moving through a rug,64 with little to no
true sliding between the actual contacting interfaces. Schallamach waves tend to form on
softer and stickier materials (Figure 1.4b), 63,65 however their formation is also governed
by the sliding speed and the normal loading.66,67 Lateral forces have also been shown to be
a function of other variables, including topography, surface chemistry, lubrication, and the
substrate preparation methods.41,68-74 Although Schallamach waves have been studied over
the last several decades to consider these many variables, they have focused on the mm
scale.63,65,66,75-78 Experiments that investigate friction behavior of soft adhesive interfaces
at or near the microscale are severely limited, likely due to the difficulty in manipulating,
visualizing, and measuring lateral forces on small particles. This experimental challenge,
as well as the unknown effect on the presence of free chains, demonstrates a gap in our
knowledge of how a microscopic particle interacts with a soft and adhesive surface when
pulled laterally.
1.3

Dissertation organization

To understand the friction on soft, lightly-crosslinked PDMS at the microscale, we
break up this dissertation into four core sections: (1) Developing a method to extract free
molecules from lightly crosslinked PDMS to characterize their mechanical properties, (2)
investigating how an initial layer of oil affects indentation of a glass microparticle into soft
PDMS elastomers, (3) studying the mechanism of microscale static friction on soft PDMS
elastomers, and (4) exploring their kinetic friction mechanisms. The efforts in this
dissertation include unique experimental developments that exploit confocal microscopy,
colloidal probe microscopy, and customized setups.
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CHAPTER 2. EXTRACTING UNCROSSLINKED MATERIAL FROM LOW MODULUS SYLGARD
184 AND THE EFFECT ON MECHANICAL PROPERTIES
2.1

Background:

Extracting uncrosslinked molecules from PDMS elastomers is typically conducted
with either a Soxhlet extractor or in a container of solvent. The latter is simpler and
completed by placing a sample into a bath of good solvent that swells the PDMS network,
allowing uncrosslinked molecules to migrate into the surrounding media. Subsequently,
the sample is removed, and the swelling solvent is evaporated, yielding a crosslinked
material without free molecules. However, for very soft and sticky materials, such as 60 to
1 Sylgard 184 with a modulus of a few kPa, it can be difficult to retain a macroscopic
sample with a shape appropriate for further testing.26 For example, a sample can fracture
during swelling if containers are not sufficiently large, as illustrated in Figure 2.1a. Because
softer materials swell significantly, they require much more space to expand compared to
higher modulus PDMS. Samples can also fracture during deswelling because it sticks to
the surface of a container, leading to inhomogeneous strains. Moreover, a sample can
fracture due to fast inhomogeneous swelling.33,79 In addition, if the above issues can be
overcome, a sheet of material can still come into contact with itself, at which point it
becomes difficult to flatten out (Figure 2.1b). For these reasons, a simple approach to
extract uncrosslinked chains from a soft and sticky PDMS sheet, while retaining its
geometry, would be greatly beneficial.
In this chapter, we first present an inexpensive and easily accessible approach to
extract free molecules from a soft and sticky PDMS sheet while retaining its geometry
(Figure 2.1c). We then quantify the amount of free molecules as a function of mixing ratio.
Sylgard 184 is used as our model material because it is the most common80 and can yield
moduli below ~100 kPa by varying the mixing ratio. For Sylgard 184, the manufacturer’s
recommended mixing ratio of 10 base to 1 curing agent gives a modulus of ~1 MPa. The
base, which is comprised of vinyl-terminated polydimethylsiloxane, and the curing
agent, comprised of methylhydrosiloxane–dimethylsiloxane copolymer and a
catalyst,26 are mixed with ratios ranging from the recommended 10:1 (~9%wt) to 60:1
(~1.5%wt). The mixture is stirred and poured into a container with the desired dimensions
of the final sample. The viscous liquid is degassed under vacuum until all the air bubbles
are removed. All samples were consistently cured in an oven at 65 °C for 48 hours.
Subsequently, we compare the mechanical behavior before and after extraction.
Specifically, we compare the Young’s modulus, the failure strain, and the hysteresis
behavior. Although there have been several studies measuring the mechanical properties
of Sylgard 184, limited information is available on the comparison of tensile properties
before and after extraction for mixing ratios with moduli below 100 kPa. Our results
demonstrate that the tensile modulus, the maximum stretchability, and the dissipation (e.g.
hysteresis) all increase after extraction.
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Figure 2.1. (a) PDMS blocks in the swollen state during extraction preformed in vials. As
the prepolymer base is increased relative to the crosslinking agent from 10:1 to 60:1, more
damage occurs. (b) An extracted PDMS sample that has come into contact with itself,
making it difficult to recover a flat geometry. (c) A bird shaped PDMS sheet before and
after extraction using the interfacial extraction method, illustrating the ability to retain an
arbitrary geometry. The sample is a 60:1 mixing ratio. Grid size is 1.3 cm.
2.2
2.2.1

Removing free material
Vial extraction

We start by extracting samples with ACS grade hexane, purchased from VWR, in
vials to quantify free chain amounts (Figure 2.1a). For each of the mixing ratios of 10, 20,
30, 40, 50, and 60:1, three samples of Sylgard 184 are prepared. The samples are fabricated
with a thickness of 5 mm in circular Petri-dishes with a diameter of 3.5 cm. Once cured,
the circular samples are cut into six equal triangles, with one triangle possessing a volume
of approximately 3.2 mm3. Three triangles from each sample (54 in total) are placed in
individual sealed vials and swelled using hexane for approximately 24 hours. The solvent
is then removed by a combination of pouring and micropipette, while being careful to leave
any fractured pieces of the sample in the vial. The vials containing the swollen samples are
placed in an oven uncovered at 60 °C for 23 hours. Upon cooling, the vials are weighed to
obtain the mass change of the samples relative to their original weight, and the process is
repeated for each subsequent data point in Figure 2.2. This swelling, deswelling, and
weighing process is repeated until no weight change is recorded with increasing cycles
(Figure 2.2); this point is taken as the fully extractable amount. However, a downfall of
this method is that it does not produce samples that are flat and fracture-free; therefore, an
extraction method that maintains sample integrity is needed for mechanical testing.
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Figure 2.2. Extracted mass (%) over time during vial extraction. Extracted mass is
calculated as the mass removed divided by the original mass of the sample multiplied by
100. An extracted mass of 100 means the entire sample is fully dissolved by the solvent,
while an extracted mass of zero means none of the sample is dissolved by the solvent.
2.2.2

Interfacial extraction

To maintain a flat, unfractured sheet of crosslinked material after extraction, we
developed a solvent-based extraction process that takes advantage of a traction-free, liquidliquid interface, termed the interfacial extraction method. PDMS samples are prepared in
9 cm x 9 cm square petri dishes with a thickness of 1mm. To minimize batch-to-batch
variability in our comparisons, two PDMS rectangles are cut into dimensions of 80 mm x
40 mm from each sample, such that the same number of extracted and as-prepared
dogbones can be prepared from a single batch. One rectangle is retained for mechanical
testing of the as-prepared material, and the other rectangle is floated on the surface of water
(300 mL) in a 6 cup Pyrex glass dish (Figure 2.3(a.1)). PDMS is hydrophobic and has a
similar density to water, such that the sample is supported by the water surface. 200 mL of
hexane is poured into the dish. The sample remains at the interface between the water and
hexane layers and is free to swell without traction. Hexane is introduced to swell the
crosslinked material, and the sheet remains at the hexane-water interface (Figure 2.3(a.2)).
While other organic solvents are expected to work (e.g. Chloroform), we use hexane
because it is a good solvent for PDMS81 and has a density lower than water. After the
organic solvent is added, aluminum foil and vacuum grease, placed on the outside of the
dish, is used to seal the container. To avoid contamination, the vacuum grease is placed
well below the rim of the dish. After 72 hours, the organic solvent is removed using a 150
mL beaker, followed by a micropipette. Solvent is replaced and left for 24 hours. The
solvent is again removed and replaced. The container is then sealed with aluminum foil to
restrict evaporation. When the sample is fully swollen (Figure 2.3(a.3)), free molecules
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migrate out of the network and into the surrounding solvent. This requires the amount of
hexane to be sufficiently high relative to the elastomer, such that a gradient in chemical
potential exists. Therefore, a large volume of hexane (~200 mL) is used relative to the
volume of the initial sample (~3 mL) and exchanged for new solvent. We also note a large
container is required because the sample swells significantly. To return the sample to a
non-swollen, testable, macroscopic, and flat sample, ~18 pin holes were placed in the
aluminum foil lid. This is to control the deswelling rate of the sample by slowing the
evaporation of the solvent (Figure 2.3(a.4)). During deswelling, inhomogeneous strains
arise because solvent evaporates faster from the top of the sample in contact with air,
compared to the bottom surface in contact with water; this leads to samples fracturing79 or
coming into contact with itself (Figure 2.1b). The pinhole process slows the evaporation,
producing a final PDMS sheet that is flat, extracted, and without fractures (Figure 2.3(a.5)).
After 24 hours, the floating sample is removed from the water surface and placed on Teflon
in an oven at 65 °C to remove any residual water or solvent. This simple process enables
extraction for any flat geometry, as illustrated in Figure 2.1c where a bird shape (60:1
mixing ratio) is maintained after interfacial extraction, albeit smaller.
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Figure 2.3. (a) Schematic and optical images of the interfacial extraction method for
removal of free molecules. (a.1) An as-prepared PDMS sheet is floated on the surface of
a water bath. (a.2) Organic solvent is added to swell the PDMS. In the optical image, the
sample is being held up from the surface of the water for demonstration. (a.3) Solvent is
exchanged multiple times. The size of the fully swollen sample is shown with solvent
removed for clarity. (a.4) Pinholes in aluminum lid slow the evaporation of the solvent
during deswelling. (a.5) An extracted PDMS sheet without uncrosslinked molecules is left
floating on water. Optical images are with a 60:1 mixing ratio. Scale bars: 4 cm. (b) The
mass lost from the interfacial extraction method compared to the mass lost from the vial
extraction method. (c) Visual comparison of the volume change for the different mixing
ratios, with the left sample being prior to extraction (blue) and the right being after
extraction (orange). The left sample in each image is 8 cm x 4 cm.
To quantify the amount of free molecules as a function of mixing ratio, we weigh
and measure the dimensions of each sample before and after extraction. Although our focus
is on lower modulus mixing ratios, we include higher modulus mixing ratios for
completeness. The amount of mass loss decreases as the mixing ratio decreases from 60:1
to 10:1 (Figure 2.3b); the percent of extracted mass is quantified in Table 2.2. The
extractable mass is consistent with the values obtained through the vial extraction method
in the section above, validating our interfacial extraction method. We note here that Sylgard
184 has filler particles, which may also be removed during extraction. However, this is
likely small compared to the uncrosslinked molecules at higher mixing ratios, since the
silica filler content is expected to be similar across all as-prepared mixing ratios. It is
interesting to mention that 60:1 samples (or similar commercial silicones) are often
considered soft solids, yet they comprise nearly 60% of extractable material. To measure
volume change, calipers were used to measure the length and width of the extracted
samples, which were compared to the original size of the samples, 8 cm x 4 cm (Figure
2.3c). To determine the thickness change, a 1 cm x 0.5 cm slice was cut from the as
prepared sample and processed through the interfacial extraction method. The thickness
before and after the extraction was measured by placing the slice on its side and measuring
the width using a microscope. The extent of change is the highest for 60:1 and the lowest
for 10:1 mixing ratios (Figure 2.3c and 2.6a). We note that while we limit our focus to
~1 mm thick samples, the process may be implemented for thicker samples (e.g. ~5 mm),
as illustrated in Figure 2.4. A mass loss of 33% is recorded, which is consistent with data
presented in Figure 2.3b and Table 2.2. In order to remove the free chains, the interfacial
extraction process was extended to 20 days.

Figure 2.4. (a) An as-prepared 5mm thick 40 to 1 sample before (left) and after (right) an
extended interfacial extraction. (b) The 5mm thick sample is shown floating on water after
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the addition of hexane. Due to inhomogeneous strains of this thick sample during swelling,
the sample bends towards the water. (c) The amount of PDMS exposed to the air (or
hexane) is shown to be only the top surface for the 5mm thick sample which is similarly
expected for thinner samples.
2.3

Mechanical characterization: As-prepared vs. extracted

The interfacial extraction method enables a direct comparison of tensile properties
of as-prepared and extracted Sylgard 184 with different mixing ratios. In particular, we
investigate the effect of removing uncrosslinked material on the Young’s modulus (𝐸), the
maximum stretchability (𝜖𝑏𝑟𝑒𝑎𝑘 ), and the hysteresis behavior.
2.3.1

Modulus.

The 80 mm x 40 mm x 1 mm samples are cut into small dogbones using a standard
ASTM D412 stamp. The actual initial length between the grips is measured for each sample
tested after being mounted. Both the as-prepared and extracted samples with mixing ratios
10, 15, 20, 25, 30, 40, 50, and 60:1 are tensile tested using a custom-built tensile tester
comprising a 10g or 100g load cell (GSO series, Transducer Techniques) to measure force
and a high-precision motorized stage (L509.4ASD00, Physik Instrumente) to control
displacement. LabVIEW was used to control the instrument and collect all data.
Measurements were conducted at a strain rate of ~0.005 s-1 (0.067 mm/s), a rate at which
the modulus has been shown to not have a strong dependence on frequency for as-prepared,
soft silicone elastomers.3,82,83 In these experiments, dogbone specimens are pulled
monotonically until failure. Representative stress-strain (𝜎-𝜖) curves are plotted in Figure
2.5a for both as-prepared and extracted 30, 40, 50 and 60:1 mixing ratios. The engineering
stress was calculated from the force data divided by the initial cross-sectional area. We
measured the thickness of each sample by optically imaging slices of the PDMS, taken
from both sides of the dogbone. The slices were placed on their side on a glass slide and
measured with a microscope. The thickness of the dogbone used to calculate the crosssectional area is the average thickness of the two slices. In general, the stress-strain
response after extraction is noticeably different for these mixing ratios. To quantify the
𝜎
Young’s modulus, 𝐸, we first utilize a common Hookean linear fit where 𝐸 = 𝜖 (Figure
2.5b).3,25,35 𝜎 and 𝜖 are the engineering stress and strain, respectively. The modulus for a
linear fit over a very small strain of 0.1 is provided in Table 2.1; however, the modulus
values reported in Table 2.2 are taken from the Neo-Hookean fits, which is more
appropriate to capture the nonlinear behavior that arises earlier in tension. Accordingly, the
engineering stress is related to the stretch ratio (𝜆), the Poisson’s ratio (𝜈), and the modulus
as:
𝐸
1
(2.1)
(𝜆 − 2 )
𝜎=
2(1 + 𝜈)
𝜆
where 𝜆 = 𝐿⁄𝐿0 = 𝜖 + 1,84,85 and 𝜖 is the engineering strain. By fitting our data to
Equation 2.1 (assuming 𝜈 = 0.5), we quantify 𝐸 for all mixing ratios before and after
extraction (Table 2.2). To help alleviate batch-to-batch variability, at least nine total
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samples from three different batches are tested. We display representative fits for 30:1 and
60:1 samples (Figure 2.5c), illustrating that the data fit reasonably well. We fit our results
to a Hookean and Neo-Hookean model and find similar modulus values in both cases
(Tables 2.1 and 2.2); this illustrates that Hooke’s law can be reasonable for quantifying a
modulus in the linear, low strain regime. Our quantitative values for as-prepared Sylgard
184 are consistent with the ranges found in literature (Figure 1.2a) and therefore validates
the comparative measurements of the modulus before and after extraction that are
discussed next.

Figure 2.5. (a) Representative tensile stress-strain curves for 30, 40, 50 and 60:1 samples
before and after interfacial extraction. (b) Linear fits (black) of all sample ratios, asprepared and extracted, to a strain of 0.1 of their stress-strain data. (c) Oscillation stressstrain for 60 to 1 as-prepared and extracted samples at a rate of 0.01 Hz measured via shear
rheology. (d) Moduli before and after extraction for 30, 40, 50, and 60:1 samples. Inset:
Relative Young’s modulus as a function of the crosslinking agent. Relative modulus is
calculated by dividing the extracted modulus by the as-prepared modulus.
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Table 2.1. Young’s modulus, 𝐸, determined by a linear Hookean fit to a strain of 0.1.

Table 2.2. An overview of the moduli calculated using Eq. 1 and failure strains recorded
from the as-prepared and extracted samples, as well as the extractable mass. Note that
relative values are calculated prior to rounding.

To better illustrate the change in modulus after extraction, we plot the average
moduli as a function of crosslinking agent (Figure 2.5d). For all mixing ratios tested, the
modulus increases after extraction. In the as-prepared state, excess free molecules can
effectively act as a solvent that expands the network, leading to a lower average modulus
of the material. To show the relative change in modulus as a function of free molecule
amount and mixing ratio, the extracted modulus normalized by the as-prepared modulus,
𝐸𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 ⁄𝐸𝑎𝑠−𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑 (relative 𝐸), is displayed in as an inset of Figure 2.5d; a value of
1 denotes no change after extraction. For the 60:1 mixing ratio, the modulus is over three
times higher after extraction. This relative modulus change after extraction decreases with
decreasing amount of uncrosslinked molecules (see Figure 2.3b). These results suggest that
the relative extent to which the modulus increases upon extraction is related to the amount
of uncrosslinked molecules initially present in the material. When removing free molecules
(non-network chains), a decrease in volume is observed (Figure 2.3c and 2.6a). Therefore,
an extracted sample has more network chains per cross-sectional area compared to the asprepared network, which is expanded by free molecules. This increase in the number of
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network chains per unit volume (𝑛/𝑉) is expected to increase the modulus, as defined by
𝐸~𝑛𝑘𝐵 𝑇/𝑉, where 𝑘𝐵 is Boltzmann’s constant and 𝑇 is temperature. Investigation of
controlled PDMS networks with different amounts and chain length of free molecules have
shown a similar increase in the modulus as a function of free molecules, which supports
the trend that we observe after extraction.86 However, since the free molecule amount and
the crosslinking agent amount both vary in Sylgard 184 with different mixing ratios, the
relative change is not strictly related to the amount of free molecules. At mixing ratios
lower than 30:1, the relative values become less than 1.1, and as small as 1.01 for the 10:1
mixing ratio. Hence, 30:1 is an approximate transition where increases in the mixing ratio
lead to a significant effect of uncrosslinked molecules on the modulus.
2.3.1

Maximum stretchability.

In addition to the modulus, we quantify the tensile strain at break for the 30:1 to
60:1 mixing ratios, before and after extraction. These values are taken as the strain where
the sample fails, and the stress drops to zero. For both the as-prepared and the extracted
materials, 𝜖𝑏𝑟𝑒𝑎𝑘 increases with decreasing modulus; this is evident in the stress-strain
curves presented in Figure 2.5a. To compare the difference in stretchability after extraction,
𝜖𝑏𝑟𝑒𝑎𝑘 is plotted as a function of the crosslinking agent in Figure 2.6b. In general, the
maximum strains increase for all mixing ratios after extraction; the average values are
quantified in Table 2.2. To illustrate the change in 𝜖𝑏𝑟𝑒𝑎𝑘 after extraction as a function of
mixing ratios, we plot their relative values (Figure 2.6c). In a similar trend to the modulus
change (Figure 2.5d), the change in 𝜖𝑏𝑟𝑒𝑎𝑘 is highest for the 60:1 ratio and decreases with
increasing crosslinking agent. Upon removal of uncrosslinked molecules, network chains
increase conformational entropy by collapsing. Hence during a tensile test, the extracted
dogbone possesses more available distance to stretch than the as-prepared dogbone before
reaching a finite length; this enables larger maximum strains. This becomes apparent when
comparing the maximum stretch ratio (𝜆𝑚𝑎𝑥 = 𝐿𝑚𝑎𝑥 ⁄𝐿0 = 𝜖𝑏𝑟𝑒𝑎𝑘 + 1) of the as-prepared
material, 𝜆𝑎𝑝 , to that of the extracted material, 𝜆𝑒𝑥𝑡 . To investigate whether the main reason
for the increased stretchablity is due to the smaller initial length after extraction, we
compare the maximum length of the as-prepared (𝐿𝑚𝑎𝑥(𝑎𝑝) ) and the extracted (𝐿𝑚𝑎𝑥(𝑒𝑥𝑡) )
materials. Because the network collapses after extraction, a network reference frame must
be considered; we take this to be the as-prepared state. This final length comparison is then
made by first calculating the reduction in the initial length of a network after extraction
using the measured volume retained (𝑉 ⁄𝑉0) (Figure 2.3c and 2.6a). Assuming the materials
behave isotropic, the maximum length of an extracted material is then defined as
𝐿𝑚𝑎𝑥(𝑒𝑥𝑡) = (𝑉 ⁄𝑉0 )1/3 𝐿0(𝑎𝑝) 𝜆𝑒𝑥𝑡 , which are all measurable. A comparison can be used to
calculate the ratio of the final lengths, which gives 𝐿𝑚𝑎𝑥(𝑎𝑝) ⁄𝐿𝑚𝑎𝑥(𝑒𝑥𝑡) = 1.02 ± 0.03 for
the 30:1 to 60:1 mixing ratio samples; a value of 1 denotes no difference between the final
network lengths when considering the same reference. Therefore, our results suggest that
the increased strain at break is mainly enabled by the collapse of the network. By
exploiting a similar concept, prior reports have demonstrated the ability to prepare
elastomers with enhanced stretchability by polymerizing them in a swollen state followed
by deswelling.87,88 In addition to the stretchability, we find that the tensile strengths are
similar to other as-prepared PDMS elastomers of similar moduli and also increase after
extraction.89 We expect that the majority of stresses are borne by the network chains;
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therefore the maximum stress increases after extraction due to an increase in the density of
network chains per unit cross-sectional area.

Figure 2.6. (a) Volume of PDMS sample retained after extraction as a function of
crosslinking agent amount. (b) The average strain at break before and after extraction,
illustrating a wider spread between as-prepared and extracted materials with decreasing
amount of crosslinking agent (increasing mixing ratio). (c) Relative strain at break as a
function of crosslinking agent. The relative 𝜖𝑏𝑟𝑒𝑎𝑘 is calculated by dividing the strain at
break of the extracted materials by the as-prepared materials.
2.3.2

Hysteresis and stress relaxation behavior.

When an elastomer is loaded and then unloaded, the stress is generally lower during
unloading compared to loading; this generates a hysteresis, or a non-zero area between the
loading and unloading curves.90 To investigate this difference, we conduct loading and
unloading experiments with increasing strain per cycle (Figure 2.7a inset) at the same strain
rate as above (0.005 s −1 ) for 30, 40, 50, and 60 to 1 samples (Figure 2.7a-d). The strain
cycles were chosen using the average strain at break for the monotonically tested samples.
The loading/unloading tensile tests were split in 5 loading and unloading steps. The strain
cycles were increased by 0.25 for 30:1 and 40:1, 0.35 for 50:1, and 0.5 for 60:1 mixing
ratios. In Figure 2.7d, stress-strain data are presented for the 60:1 mixing ratio for five
loading-unloading cycles, with strain cycles increasing by 0.5. It is apparent that the
amount of hysteresis increases after extraction. Notably, this illustrates that the as-prepared
60:1 materials with nearly 60% free molecules display more elastic behavior than the
extracted elastomer. A similar tendency of increased hysteresis after extraction is observed
in other mixing ratios, with the extent of hysteresis decreasing as the mixing ratio is
decreased from 60:1 to 30:1 (Figure 2.7). This also illustrates that materials become
tougher and more dissipative after extraction.
In addition to hysteresis, we consider if stress softening is observed during
subsequent cycles for the extracted samples. When a filled elastomer, such as silica-filled
Sylgard 184, is stretched, internal structural rearrangements and bond scission reduce the
amount of strain energy available on a subsequent stretch, up to the previous strain.80,91-93
This is known as stress softening and typically observed in higher modulus, filled silicone
elastomers. Due to minor amounts of permanent set (a non-zero strain at zero stress after
unloading), this is not obvious on our raw data (Figure 2.7a-d). By reregistering the strain
to zero,93,94 we find that the stress-strain curves overlay closely (Figure 2.7e),
demonstrating that the extracted samples do not display a significantly noticeable stress
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softening. Our hysteresis results exhibit similar behavior to elastomers (e.g. natural rubber)
swollen in solvents (e.g. biodiesel) for industrial applications,95-97 and are potentially useful
for implementing softer commercial silicones for bioinspired adhesives, synthetic
biomaterials, and soft devices.

Figure 2.7. Stress-strain curves for loading-unloading tests for (a) 30:1 (b) 40:1 (c) 50:1
and (d) 60:1. The strain for each cycle was increased by 0.25 for 30:1 and 40:1, 0.35 for
50:1, and 0.5 for 60:1. (e) To investigate the stress softening behavior for an extracted 60:1
material, each loading-unloading cycle is shifted to a starting strain of zero.
As a confirmation of the increased dissipation after extraction, we conduct stress
relaxation experiments where as-prepared and extracted sample of 30, 40, 50, and 60 to 1
sample ratios are pulled to a strain of 0.5 and left to relax for 15 minutes while recording
the force. In Figure 2.8, we display the results of each stress relaxation test and in Figure
2.8e we plotted stress normalized by the maximum stress of the experiment. As-prepared
60:1 samples relax only ~5% over 20 minutes but over 20% after extraction. On the other
hand, as-prepared and extracted 30:1 samples display very little difference in their
relaxation behavior. Consistent with the hysteresis, as-prepared samples relax minimally
compared to the extracted samples. Also consistent with our hysteresis data, the relative
increase in relaxation after extraction increases as the mixing ratio moves from 30:1 to
60:1.
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Figure 2.8. Stress relaxation plots of (a) 30:1, (b) 40:1, (c) 50:1, and (d) 60:1 samples. (e)
A plot comparing each sample normalized by their maximum stress.
2.4

Summary and conclusion

We present a simple and inexpensive approach to extract uncrosslinked free
molecules from soft, sticky, and macroscopic samples of lightly crosslinked PDMS, which
are often challenging to handle and manipulate. Our approach is implemented to investigate
the tensile properties of Sylgard 184, before and after extraction, with a focus on 30:1 to
60:1 mixing ratios. More specifically, we quantify the Young’s modulus, maximum strain,
and dissipative behavior of these materials and find that the response of the material is
governed by both the crosslinking density of the network and the presence of free
molecules when the mixing ratio is varied. Upon removal of free molecules, the modulus,
maximum stretchability, and amount of observed hysteresis increase; they become
stronger, tougher, and more dissipative. The relative change of these values increases as
the mixing ratios change from 30:1 to 60:1. Although quantitatively different, we expect
that other commercial silicone elastomers likely display similar behavior as a function of
varying the mixing ratios of their two starting components.
While our efforts focus on a common commercial kit, it is worth mentioning that many
aspects of designing soft silicone elastomers are being developed, as recently reviewed by
Skov and coworkers.80 In general, preparing soft elastomers (<100 kPa) without free
molecules is difficult due to inherent entanglements that usually exist in conventional
systems.98,99 In our case, we demonstrate an approach to achieve low modulus elastomers,
without free molecules, using a simple commercial kit. Our process for extracting
uncrosslinked free molecules from a soft, PDMS sheet is inexpensive and easily accessible
to a broad range of researchers. We hope that our approach and results will be beneficial
for researchers using commercial silicone elastomers as model soft materials.
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CHAPTER 3. CAPILLARY-DRIVEN INDENTATION OF A MICROPARTICLE INTO A SOFT, OILCOATED SUBSTRATE
3.1

Background

Although the interaction of a stiff microsphere with low surface tension silicone
oil or with soft solid PDMS has become fairly well described, a mixed contact
including both liquid and solid is less understood; however, small scale contact with
a soft, liquid-coated surface is very common in many natural and industrial
processes. When a glass microsphere is placed on an oil layer supported by a stiff
substrate, the silicone oil is drawn up the surface of the glass sphere to lower the
interfacial tension. In many cases, the presence of the liquid layer is critical for the
system to perform its function. For example, synovial fluid in joints helps to reduce
friction of contacting articular cartilage.100,101 In nature, insects often rely on small
scale adhesion with liquid layers; an oily secretion from small structures on insect
feet leads to capillary-enhanced adhesion.102-106 This type of mechanism has been
exploited for developing bioinspired adhesives.107-109 The importance of liquid
capillarity on small scales is also demonstrated in mechanical characterization
methods like atomic force microscopy; in a humid environment, condensation
around the tip causes a downward capillary force on the cantilever. 110,111 However,
capillarity can come from an adhesive solid surface as well when the contact is small
and on a sufficiently soft substrate.
Here we systematically investigate the indentation of glass microspheres placed
on a low modulus elastomeric surface while controlling the amount of oil on top,
made of the same composition. We create a layer of excess uncrosslinked oil
molecules on the surface prior to depositing microspheres. This is unlike prior
studies on adhesion and wetting where uncrosslinked molecules are pulled from the
network, which can provide insight on the effect of free chains on the contact
behavior.3,5,28,49 By varying the thickness of the oil layer, we find that the indentation
depth depends on how thick the layer is relative to the particle size. Our results fit
reasonably well with an analytical model based on the elastic deformation and solid
surface tension of the substrate, balanced by the capillary forces of the oil layer.
3.2
3.2.1

Materials and methods
Confocal Microscopy

A confocal microscope is used extensive throughout this chapter, as well as the
following fourth and fifth chapters. Here we provide some basic information on the type
of images that can be obtained through confocal microscopy. A confocal microscope is
much like a standard fluorescent microscope in that it excites fluorescent dye in the sample,
however it has several different features that are beneficial for our work. A confocal
microscope uses a laser with known wavelength for excitation, and the collection
wavelength of the emission can be specifically chosen. Additionally, the focal point of the
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detector is scanned through the sample line by line to form the image. This allows 3D
images to be taken of the sample, as well as cross sections through the x-y plane, as shown
in Figure 3.1. For this dissertation, a Leica SP8 inverted confocal microscope is used
with a piezo driven 40x air objective.

Figure 3.1. An example of how cross-sectional confocal image of microspheres on PDMS
(top left) is taken starting with the free microspheres.
3.2.2

Soft substrate fabrication

~0.005 g of fluorescein diacrylate, purchased from Sigma-Aldrich, is
dissolved in a minimal amount of chloroform (~1 mL) and added to ~7 g of Sylgard
184 base. The concentration of the fluorescein diacrylate in the base is
approximately ~0.5 mg/g. Fluorescein diacrylate was chosen as the dye for the
substrate because it is expected to react with the vinyl-terminated ends of the
prepolymer base. The solution is placed in an oven at 65 °C to evaporate the added
chloroform. After 4 days, the weight of the solution stabilized, indicating that all the
chloroform has been removed (Figure 3.2a). Next, the base with the fluorescein
diacrylate is used in the PDMS preparation processes described in the prior chapter.
The 60:1 Sylgard 184 precursor with fluorescein diacrylate is spin coated on a glass
coverslip at 800 RPM for 1 minute to achieve a thickness of 𝑡𝑠𝑜𝑙𝑖𝑑 ~90 μm; this is
sufficiently thin to obtain high quality confocal images with an inverted microscope
looking through the sample. Conversely, since the values of the relative contact size and
indentation depth 𝑎𝑠𝑜𝑙𝑖𝑑 /𝑡𝑠𝑜𝑙𝑖𝑑 and 𝛿/𝑡𝑠𝑜𝑙𝑖𝑑 are small, we expect this to be sufficiently thick
to neglect the finite thickness.3,5,112-115 Other RPMs can be used to increase or decrease
the thickness in the same 1 minute spin period, shown as substrate, 1 min in Figure
3.2b. An RPM of 800 was chosen to maximize the thickness of the PDMS while
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maintaining. The coverslip with the uncured PDMS is placed in an oven at 65 °C for
48 hours for the PDMS to cure.
To create fluorescent oil, which will be used to create an oil layer on the
PDMS surface, Nile red, purchased from Acros Organics, is dissolved in chloroform
and added to Sylgard 184 base in the concentration of approximately 5 µg Nile
Red/1 g Sylgard 184 base. The solution was heated in an oven at 65 °C until all the
chloroform was evaporated. The Sylgard 184 base with Nile red is then spin coated
on the surface of already cured PDMS at various RPMs and durations. The two dyes
used for the oil layer and solid substrate have relatively small overlap in their emission
wavelengths. As a baseline, 6000 RPM for 2 minutes produces an oil layer of
approximately 8 microns. Note that to get to very low oil layer thicknesses, we
increase the spin coating time to 2 minutes compared to the substrate spin coating
time of 1 minute (Figure 3.2b). Once the oil layer is spin coated on the PDMS surface,
it is imaged via confocal microscopy. The thickness of the oil layer appears to decrease
over time and the dye appears to diffuse between the solid substrate and the liquid layer.
However, little change over the first few hours is observed (Figure 3.2c). Hence, we limit
our results to a 1-hour time frame to mitigate concerns of oil swelling effects and to mitigate
issues of visualizing the substrate and oil layer from Nile red diffusion.
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Figure 3.2. (a) The evaporation of ~1 g of chloroform from two different batches, termed
sample 1 and 2, of~7 g of Sylgard 184 base. (b) The evaporation of ~1 g of chloroform
from ~7 g of Sylgard 184 base. (c) A comparison of a sample over the first 5 hours after
spin coating an oil layer and after 24 hours. Scale bar is 20 μm. (d) A confocal image (left)
of a microsphere on 60 to 1 Sylgard 184 (yellow) with a oil layer (green) is shown alongside
a schematic version (right). The green arrows denote a distance far from the particle. The
schematics provide descriptions of the variables measured from the images.
3.2.3

Particle placement

Once an oil layer is spin coated onto a sample, Polydisperse soda lime glass
microspheres (2.5 g/cc), purchased from Cospheric LLC with a radius range of 𝑅 ≈
9-31 µm are sprinkled onto the surface; the sample is then left to equilibrate for 30
minutes. Images of the microspheres are captured within the next 30 minutes, which
is between 30 minutes and 1 hour of spin coating the oil layer and depositing the
microspheres. This time frame is chosen to mitigate concerns of oil swelling into the
network and dye diffusion between the oil and network phases (Figure 3.2c), while
also allowing the contact geometry to reach a state that is not significantly changing.
We only studied microspheres that were at least ~1 mm from another one to avoid
affects from other microspheres. From the confocal images, we fit a sphere to make
measurements of the microsphere radius, 𝑅; the oil contact radius, 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 ; the
substrate contact radius, 𝑎𝑠𝑜𝑙𝑖𝑑 ; the indentation depth into the substrate, 𝛿; the ascoated oil layer thickness, 𝑡; and the angle of oil contact relative to the horizontal, 𝛽
(Figure 3.2d). By measuring these parameters, we expect to be able to describe and
verify the contact behavior.
3.3

Results and Discussion

When a microsphere is placed on a PDMS surface with a thin oil layer, a liquid
meniscus forms and the particle indents into the underlying crosslinked substrate.
This is demonstrated in Figure 3.3a, which shows a ~35 μm diameter glass
microsphere in contact with a soft PDMS substrate (yellow) having a ~3 μm oil layer
(green). Figure 3.3b shows a similarly sized particle with an oil layer that is the same
thickness as the sphere diameter (e.g. 𝑡 ≈ 2𝑅). Unlike in Figure 3.3a, the sphere
does not visibly indent into the underlying crosslinked network. In the other limiting
case where no oil layer is present, we find that the particle has a large indentation
depth and a large contact area with the network, as illustrated in Figure 3.3c. When
no oil layer is present, the relative indentation depth 𝛿/(2𝑅) increases as the particle
size decreases (Figure 3.3d). This is consistent with prior results on elastocapillary
scale contact showing that indentation is size dependent.4 In the following, we focus
on the indentation as a function of the relative oil layer thickness, 𝑡/(2𝑅).
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Figure 3.3. Indentation of a glass microsphere into soft substrates (yellow) with (a)
a thin oil layer (green), (b) a thick oil layer, and (c) no oil layer. The dotted line (red)
denotes the unaltered substrate surface. The scale bars are 20 μm. (d) Relative
indentation depth of microspheres on 60 to 1 Sylgard 184 without an oil layer on the
surface. (e) Normalized indentation depth as a function of the normalized oil
thickness.
To quantitatively understand how a microparticle indents into an oil-coated
surface, we plot the relative indentation depth as a function of the relative oil
thickness (Fig. 3.3e). These results show that microspheres indent into the
crosslinked network less as the relative oil layer thickness increases. When
𝑡/(2𝑅) ≥ 1, the particle does not indent. Additionally, we take note of particle sizes
within a relatively constant 𝑡/(2𝑅) range and see if a trend exists in 𝛿/(2𝑅);
however, no obvious trend between depth and particle size is found. Therefore, the
relative oil layer thickness is the dominating factor on the indentation and not the
particle size. Consequently, a small amount of oil at the surface transitions the
contact from size-dependent (no oil layer) to size-independent (with oil layer).
The results in Figure 3.3 illustrate that the oil layer thickness dictates how deep
the particle indents into the substrate. This suggests that capillary forces from the oil
layer push down on the particle and that the magnitude relates to the oil layer
thickness. Since the microsphere is static, the sum of all forces, 𝐹𝑡𝑜𝑡𝑎𝑙 , acting on the
microsphere must be zero. To describe the indentation, we start by writing out the
total force to include the capillary force pushing the microsphere into the surface,116
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the adhesion between the particle and the surface, and the elasticity with the JKR
model:

𝐹𝑇𝑜𝑡𝑎𝑙

3
8𝐸𝑎𝑠𝑜𝑙𝑖𝑑 𝛿 8𝐸𝑎𝑠𝑜𝑙𝑖𝑑
=
−
− 2𝜋𝛾𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑖𝑛𝛽
3
9𝑅

(3.1)

where 𝐸 is the Young’s modulus and 𝛾 is the liquid oil surface tension. It should be
noted that we assume a Poisson’s ratio of 0.5 for the PDMS substrate and an
infinitely stiff modulus for the glass compared to the PDMS. Moreover, since we
are working on small scales, gravity and buoyancy are negligible relative to surface
forces. For example, the predicted non-adhesive indentation for our largest sphere
under only gravitational force is only 𝛿 ⁄2𝑅 ~0.003. By setting Equation 3.1 to zero
and rearranging for δ, we obtain an expression to predict the particle indentation that
includes elasticity and adhesion from JKR balanced by the oil layer capillary force:
2
3𝜋𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝛾 sin 𝛽 𝑎𝑠𝑜𝑙𝑖𝑑
𝛿=
+
4𝐸𝑎𝑠𝑜𝑙𝑖𝑑
3𝑅

(3.2)

where we take 𝐸 = 3.5 kPa for the PDMS substrate and 𝛾 = 20 mN/m for the
silicone oil.3,5,117 Using experimentally measured values for 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 and 𝛽, we
compare 𝛿 from Equation 3.2 to our measured indentation depths (Figure 3.4a). We
find that Equation 3.2 predicts a higher indentation depth than experimentally
measured; therefore, a non-existing downward force or a missing upward force is
not being accounted for.
To consider if the adhesive force in the JKR model is appropriate for our
experiments, we investigate the amount of adhesion at the interface. We explore the
adhesion using an JPK Nanowizard 4 atomic force microscope (AFM) with a
~20 μm diameter colloidal probe prepared from the same batch of microspheres. The
microparticle is attached to a tipless cantilever with a 31.7 N/m stiffness using high
strength epoxy. In Figure 3.4b, we display a series of confocal images illustrating a
small amount of adhesion between the colloidal probe and the network. In the first
image (Figure 3.4bi), the microsphere is held above the oil-coated soft substrate.
The microsphere is then pressed into the substrate at a rate of 2 μm/s to a relative
depth of ~0.2 (Figure 3.4bii). This indentation depth is chosen to be similar to the
recorded indentation depth of the free microspheres. The sphere is held for 5
minutes and then retracted at the same rate (Figure 3.4biii and iv). As the sphere is
retracted, only a small amount of network pull up is observed (Figure 3.4biii), which
is indicative of minimal adhesion. This result illustrates that the oil layer partially
blocks adhesive network contact. We note that upon initial contact with the oil layer,
a meniscus is formed as the oil comes up to contact the cantilever and generates a
large force; this liquid capillarity dominates the measured forces on the AFM and
makes it difficult to decouple network adhesion from oil capillarity. While this may
be due to some extra glue on the particle during colloidal probe fabrication, it does
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not change the qualitative result of finding a small amount of adhesion at the spherenetwork interface.

Figure 3.4. (a) A comparison of the calculated relative indentation depth, 𝛿/2𝑅,
from Equation 3.2 and Equation 3.4 to the experimental data as a function of the
relative oil thickness, 𝑡/2𝑅. (b) Confocal images of a colloidal probe indentation
test when the microsphere is (i) above the oil coated PDMS before contact, (ii)
indented to a relative depth of ~0.2 and held for 5 minutes, and (iii and iv) pulled off
the surface at a rate of 2 μm/s. Scale bar is 10 μm.
Since minimal adhesion occurs in the contact, we remove the adhesive
component and balance the capillary force against the Hertz model in the total force
equation:
𝐹𝑡𝑜𝑡𝑎𝑙 =

16
𝐸 √𝑅𝛿 3 − 2𝜋𝛾𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑖𝑛𝛽
9
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To compare our experiments to Equation 3.3, we set the total force to zero and solve
for 𝛿:
2

𝛿=

3 3 𝜋𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝛾𝑠𝑖𝑛𝛽
( (
) )
4 𝑅
𝐸

1
3

(3.4)

Using measured values for 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 , 𝛽, and 𝑎𝑠𝑜𝑙𝑖𝑑 , we compare our measured 𝛿 to that
predicted by Equation 3.4 (Figure 3.4a). Predicted values from Equation 3.4 are
shifted slightly compared to Equation 3.2 but are still far from capturing the
experimental results. It should be noted that the JKR prediction reduces back to the
Hertz prediction when no adhesion is present. Since Equation 3.2 and Equation 3.4
are not significantly different, the JKR model is reducing toward the Hertz contact.
It has been previously reported that indentation of microspheres near the
elastocapillary scale do not fit JKR due to the importance of solid surface stress. 35,115,118,119
This solid surface tension leads to an additional force that resists
deformation during indentation. Therefore, we also consider a solid surface tension
term. By calculating the change in the area of a flat plane when indented to form a
spherical cap, the force needed to create the additional surface is given as 𝐹𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ≈
2𝜋𝛶𝛿, which can be incorporated into Equation 3.1 or Equation 3.3.3,4 Here we first
incorporate it into Equation 3.1 to provide a more universal expression that includes
elasticity and surface stress that resist indentation, as well as adhesion and liquid
capillary forces that promote indentation:

𝐹𝑇𝑜𝑡𝑎𝑙 =

3
8𝐸𝑎𝑠𝑜𝑙𝑖𝑑 𝛿 8𝐸𝑎𝑠𝑜𝑙𝑖𝑑
−
+ 2𝜋Υδ − 2𝜋𝛾𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑖𝑛𝛽
3
9𝑅

(3.5)

This equation is similar to one previously proposed,3 but separates the contact radius
to the solid and liquid (𝑎𝑠𝑜𝑙𝑖𝑑 and 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 ) parts, since we are able to experimentally
visualize these contact lengths. Equation 3.5 is then rearranged and solved for the
indentation depth:
3
18𝜋𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝛾𝑅𝑠𝑖𝑛𝛽 + 8𝐸𝑎𝑠𝑜𝑙𝑖𝑑
+ 9𝐹𝑡𝑜𝑡𝑎𝑙 𝑅
𝛿=
24𝐸𝑅𝑎𝑠𝑜𝑙𝑖𝑑 + 18𝜋𝑅Υ

(3.6)

Equation 3.6 can be further simplified by replacing the variable 𝛽 with the liquid
contact radius and the sphere radius by using the trigonometric relation:
𝛽 = sin−1 (
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𝑅
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This geometric relation is described schematically in Figure 3.5 and allows us to use
the more easily measurable 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 instead of the horizontal angle 𝛽.

Figure 3.5. A schematic description relating 𝛽 to 𝑎𝑙𝑖𝑞𝑢𝑖𝑑 and 𝑅.
Additionally, in our experiments the total net force is zero, which yields:
3
2
9𝜋𝛾𝑎𝑙𝑖𝑞𝑢𝑖𝑑
+ 4𝐸𝑎𝑠𝑜𝑙𝑖𝑑
𝛿=
12𝐸𝑅𝑎𝑠𝑜𝑙𝑖𝑑 + 9𝜋𝑅Υ

(3.8)

The indentation depth predicted by Equation 3.8 is compared to the measured
indentation depth by using measured contact geometries (Figure 3.6a). Here we
approximate the solid surface tension to be the same as the liquid tension, Υ = 20
mN/m.5 It was recently shown in a numerical study that the solid surface tension of
a soft solid and a polymer melt are similar until high strains are reached.120 We do
not expect the strains to be large enough to significantly modify Υ. The predicted
values overlay closely to the measured indentation depth without any fitting
parameters. However, this equation includes an adhesive component that did not
significantly change the predicted indentation depth when comparing
Equations 3.2 and 3.4 (Figure 3.4a); therefore, the adhesive component of
Equation 3.5 may be able to be removed in our specific case.
By balancing liquid capillary force with the Hertz model and solid surface tension,
we come to a total force equation specific to the case of no network adhesion:

𝐹𝑡𝑜𝑡𝑎𝑙 =

2
2𝜋𝛾𝑎𝑙𝑖𝑞𝑢𝑖𝑑
16
3
𝐸𝑎𝑠𝑜𝑙𝑖𝑑
+ 2𝜋Υ𝛿 −
9𝑅
𝑅
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2
⁄𝑅 to simplify
Here we assume that the depth follows the Hertz relation 𝛿 = 𝑎𝑠𝑜𝑙𝑖𝑑
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the algebraic expression. Solving this equation for the indentation depth yields:
3
2
9𝜋𝑎𝑙𝑖𝑞𝑢𝑖𝑑
𝛾 − 8𝐸𝑎𝑠𝑜𝑙𝑖𝑑
𝛿=
9𝜋𝑅Υ

(3.10)

Equation 3.10 also shows a reasonable overlay of the measured data without any
fitting parameters (Figure 3.6a). Interestingly, this reveals that a Hertzian type
contact can also require surface stress when adhesion is not a dominating factor. The
oil layer effectively screens network adhesion, and the solid contact behavior can
follow a Hertzian description. This is consistent with others commonly fitting results
to Hertzian contact when indenting soft solids in submerged liquid
environments.121,122

Figure 3.6. (a) The relative indentation depth predicted by Equation 3.8 and Equation
3.10 overlaid on experimental data. (b) The work of adhesion calculated by the
rearranged form of Equation 3.5.
By looking at the predicted values from Equation 3.10 (modified Hertz), we
observed more deviation from the experimental measurements than with
Equation 3.8 (modified JKR). To investigate the possible reason, we considered if
the work of adhesion 𝑊 from Equation 3.5 is actually zero. Equation 3.5 is rewritten
3
⁄(9𝑅) −
to include the work of adhesion term as 𝐹 = 16𝐸𝑎𝑠𝑜𝑙𝑖𝑑
3
⁄2
1
(32𝜋𝑎𝑠𝑜𝑙𝑖𝑑 𝐸𝑊 ⁄3)
+ 2𝜋𝛶𝛿 − 2𝜋𝛾𝑎𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑖𝑛𝛽 and then solved for 𝑊 with the
measured contact geometry (Figure 3.6b). Although the majority of the calculated
𝑊 are zero, some have values of up to ~3 mN/m. This is indeed small but nonzero,
and these data points are the ones that deviate more from our experimental
measurements of indentation depth. These discrepancies may arise from resolution
limits in our measurements or from inhomogeneities at the contacting interface. For
example, a few points of network-microsphere contact may form, leading to
adhesion within the substrate-particle contact zone. However, since the glass surface
is already coated with oil as it contacts the substrate, the interfacial energy that
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would drive the network to form an adhesive ridge is reduced. The results in
Figure 3.6 illustrate that Equation 3.8 is more universal for capturing the indentation
depth and Equation 3.10 is valid only when the apparent work of adhesion is zero.
3.4

Summary

We show that the presence of a thin oil layer leads to the formation of an oil
meniscus around a microsphere, which relates to a downward capillary force. This
suggests that the addition of an oil layer transitions the balance of forces from solid
adhesion dominated to liquid capillary dominated. We find that the downward
capillary force reduces as the thickness of the oil layer increases. A model that
includes elasticity, adhesion, surface stress, and liquid capillary forces is able to
capture the experimental results. Moreover, when a thin oil layer is present, solid
adhesion is minimized and a modified Hertz model that includes solid surface
tension can be balanced against the capillary forces of the oil. Under these
conditions, it is possible for some network chains to still make contact with the
microsphere, leading to small amounts of network adhesion. Understanding small
scale contact on a soft oil-coated surface, such as the type described in this chapter, is
expected to be beneficial for bioinspired adhesives,26,107,123 soft tribology,41,61,67,111,124-132
soft robotics,133,134 and anti-fouling self-cleaning coatings.135-138
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CHAPTER 4. HOW A MICROSPHERE MOVES ON A LIGHTLY-CROSSLINKED,
POLYDIMETHYLSILOXANE SURFACE
4.1

Background

Here, we focus on how a small particle starts moving relative to a soft adhesive
surface by utilizing a combination of confocal microscopy, lateral force microscopy, and a
custom positioning stage. Lateral force microscopy exploits the torsional deflection of an
atomic force microscope (AFM) cantilever to measure lateral forces. Similar experiments
that combine microscale visualization and force measurements have been considered for
contact mechanics studies,3,5,50 but have not considered lateral forces. A combined confocal
and tribology setup has been reported to study hydrogels; however this is at larger length
scales.126 We utilize a glass microsphere attached to an AFM cantilever to investigate static
friction on a soft silicone substrate. Our results show that folding and non-folding cases
can exist, mainly governed by the substrate adhesion. Finite element modelling, performed
by collaborators, confirms a transition between folding and non-folding as a function of
adhesion; more specifically, the interfacial adhesion strength. In addition, our experiments
illustrate the importance of substrate preparation parameters on the interfacial behavior of
soft contacts.
4.2
4.2.1

Methods
Force Microscopy

To image the substrate, a confocal microscope is used as previously described. For
the PDMS substrate, Sylgard 184 is mixed at a 60:1 base:crosslinker ratio and spin-coated
on a glass slide to a thickness of ~90 μm. Prior to spin-coating, a fluorescent monomer is
added that binds to the polymer network, enabling fluorescent imaging by confocal
microscopy.6,50,139 Upon curing, a crosslinked film is obtained with a Young’s modulus of
approximately 4 kPa.3,48,50
An AFM, utilized in the this and the fifth chapters, uses the deflection of a
cantilever to measure the force in the vertical and lateral deflection. Prior to running a test,
the cantilever is calibrated to know the force required for the cantilever to deflect. In our
case, a JPK Nanowizard 4 is mounted on top of the confocal microscope, allowing
for both force measurements and in-situ visualization. An 8.5 µm radius (𝑅) glass
sphere is attached to a thermal noise calibrated ACL-TL tipless cantilever, having a
nominal spring constant of ~40 N/m, using high strength epoxy. For lateral force
tests, the probe is indented into the PDMS to a desired depth at a rate of 1 μm/s and
held for 15-20 seconds. To conduct lateral force measurements, a high-precision
linear stage (Physik Instrumente, L-509), mounted to the side of the confocal
microscope, is connected to a custom sample holder between the AFM head and the
confocal microscope. This setup enables lateral translation of the sample, while the
confocal microscope objective and the colloidal probe of the AFM remain aligned
and in focus. Prior to these experiments, lateral force calibration of the cantilever is
performed by scanning the tip across a clean glass slide at different normal loads.
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Based on a procedure in the literature, we assumed a coefficient of friction of 0.4
and calculated the frictional force relative to the cantilever deflection. 140 A sphere is
fit to the shape of the colloidal probe in the image to determine the initial indentation
depth. For normal adhesion tests, the probe is indented into the surface at a rate of
0.1 μm/s to a depth of ~0.2 μm, followed by retraction at the same rate.
4.2.2

Friction experiments

In a typical friction experiment, the sphere is brought into contact with the surface
to a desired depth, 𝑑, and held for 15-20 seconds. The substrate is subsequently translated
laterally at a pre-defined velocity, 𝑣, while simultaneously imaging the contact (Figure
4.1a). To measure the lateral force, 𝐹𝐿 , a laser bounces off the cantilever into a detector to
quantify cantilever deflections. As the PDMS is pulled laterally relative to the stationary
sphere, the cantilever deflects and changes the laser position (Figure 4.1a). To investigate
the effect of indentation depth, the relative depth is controlled to a range of 𝑑 ⁄𝑅 ~ 0.03 to
0.9. The upper limit is chosen such that the substrate meniscus remains at or below the
center of the sphere prior to translation, while the lower limit is set naturally by adhesion,
which slightly pulls the sphere into the substrate. Since rate has been shown to affect
friction behavior, three velocities are chosen over a few decades: 𝑣 =10, 1, and 0.1
µ𝑚/𝑠.67,126

Figure 4.1. Experimental observations of a microparticle starting to be pulled laterally on
a soft elastomer. (a) Schematic of the experimental setup showing the combined AFM
cantilever and confocal microscope used to simultaneously image the contact and measure
the lateral force. (b) Schematic of fold formation, also showing the experimental variables
of depth, 𝑑, and radius, 𝑅. (c) An x-y confocal image of a microsphere (𝑅 = 8.5 µ𝑚) with
two folds; one fold is under and the other is in front of the microsphere. (d) 3D image of
the same microsphere viewed from below. Note that the particle is stopped for high
resolution 3D images. (e) An x-z cross-sectional image showing two folds. Scale bar: 20
μm.
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4.3
4.3.1

Results and Discussion
Initial findings

Upon translation, the PDMS substrate can fold at the leading front (Figure 4.1b).
As the substrate continues to translate, a second fold also forms before the first fold
releases. Example confocal images of folds are shown in Figures 4.1c-1e from different
viewing directions, depicting a full picture of the fold geometry. As illustrated in a topview x-y image (Figure 4.1c), the fold extends outside the contact zone of the microsphere.
A 3D bottom-view (Figure 4.1d) shows that the first fold stretches underneath the
microsphere, while a second fold forms at the leading edge. A cross-sectional x-z image
through the microsphere centerline, directly before a fold collapses (Figure 4.1e), clearly
illustrates the geometry of a fold. Although we find this folding process to be the most
interesting, the surface does not always fold upon translating the substrate. Snapshots of
the process for the two cases (folding and non-folding) are presented in Figures 4.2a and
4.2b.
To understand what causes the two different cases on seemingly similar materials,
we test a range of different variables to conclude that folds appear after light-aging,
including Sylgard 184 mixing ratio (modulus), dye content, particle size, varying dwell
times, sample thickness, and extended curing times; however, folding was consistently on
a per sample basis. In other words, light-aged samples always exhibited folds while freshly
prepared samples do not fold. To test if slight modulus variations, which can occur in batchto-batch sample preparation, cause folding, we prepare samples with both 50 and 70 to 1
mixing ratios of Sylgard 184; these possess slightly higher and lower modulus respectively.
However, no folds are observed on the freshly prepared samples. Hence, we kept our
samples constant at the 60:1 mixing ratio. To test if a folding behavior is affected by the
dye itself, we conduct experiments without dye but in reflection mode on the confocal
microscope. A clear difference is observed before and after light-aging with the top of the
fold being observed with the aged sample; this suggests that the dye is not associated with
fold formation. Two probe sizes are also tested including 𝑅=8.5 and 13.5 μm; again, no
folds were observed on freshly prepared samples. To ensure that the folding is not due to
slight variations in dwell time, we varied the dwell time from 0 to 30 seconds; folding was
still not observed on fresh samples. The sample thickness of the PDMS substrate was also
confirmed to not be the cause of folding, since both folding and non-folding behavior was
observed on samples of the same thickness from ~30 μm to ~90 μm. To consider if
extended cure times lead to folding, we cure samples from 24 hours to one week at 65 °C.
After one week in a dark oven, no folds were observed. After conducting these control
experiments, we find that freshly prepared samples never fold due to slight modulus
variations, sample thickness, presence of dye, particle size, curing time, and dwell time
(within the ranges tested) and conclude that aging of the elastomer in ambient light causes
folding for our samples. This finding offers an approach to investigate the physical
parameters that govern the formation of folds and the corresponding lateral force.
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Figure 4.2. Folding and non-folding cases and the corresponding lateral forces. (a)
Confocal x-z images of a folding sample moving at 𝑣=1 µ𝑚/𝑠 with 𝑑/𝑅=0.4. a.1). The
microsphere in contact with the surface prior to the start of motion. (a.2) Formation of a
first fold. (a.3) The moment before the first fold is about to release on the trailing edge.
a.4) First image frame after the first fold releases and the peak force drops. (a.5) Second
frame after the first fold releases, showing an unfolded state. (b) Confocal x-z images of a
non-folding sample moving at 𝑣=1 µ𝑚/𝑠 with 𝑑/𝑅=0.4. (b.1) The microsphere in contact
with the surface prior to the start of motion. (b.2) The contact shape about midway to the
peak lateral force (𝐹𝑝𝑒𝑎𝑘 ). (b.3) The contact shape once the lateral force 𝐹𝐿 has reached an
approximate force plateau. (c) Lateral force (𝐹𝐿 ) vs distance curves for folding and nonfolding samples. The numbered points correlate with the confocal images in parts a and b.
(d) The peak lateral force (𝐹𝑝𝑒𝑎𝑘 ) for folding and non-folding samples as a function of 𝑑/𝑅
and 𝑣. Scale bars: 20 μm.

To quantitatively compare the lateral resistance of the two cases, we use freshly
prepared samples and samples aged for 4 days in lit ambient conditions. In Figure 4.2c, an
example lateral force (𝐹𝐿 ) versus lateral displacement curve is plotted for folding (purple
curve) and non-folding (red curve) cases (𝑑 ⁄𝑅 = 0.4 and 𝑣 =1 µ𝑚/𝑠). With the benefit of
simultaneous imaging, 𝐹𝐿 is correlated to confocal images to gain insight into the foldforce relationship. The numbered spots on Figure 4.2c correlate with the numbers in
Figures 4.2a and 4.2b. For example, at spot 1 on Figure 4.2c, the microsphere is in contact
but at rest on the surface (Figures 4.2a.1 and 4.2b.1). Upon translating the substrate for the
folding case, 𝐹𝐿 initially increases while the microparticle remains attached to the substrate.
At spot 2, a fold emerges, leading to a small reduction in 𝐹𝐿 prior to the fold collapsing;
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this reduction in 𝐹𝐿 is afforded by increased compliance from the folded surface. Once the
fold is closed, 𝐹𝐿 continues to climb and approaches a peak at spot 3. At this point, the first
fold is under the microparticle (Figure 4.2a.3). Upon translating beyond the peak lateral
force (defined as 𝐹𝑝𝑒𝑎𝑘 ), the first fold detaches on the trailing edge (Figure 4.2a.4) and 𝐹𝐿
drops precipitously to spot 4, returning the surface to an unfolded state (Figure 4.2a.5). For
the non-folding case, 𝐹𝐿 initially increases, like for the folding case. However, a clear
difference is observed between the folding and non-folding force plots. At spot 2 (Figure
4.2b.2), the height of the PDMS contact line at the back of the microparticle lowers, while
no change is evident at the front. After reaching 𝐹𝑝𝑒𝑎𝑘 , the force is in an approximate
plateau region and the most obvious change in deformation geometry is the lower meniscus
height at the trailing edge. Some minor stick-slip is observed, which relates to fluctuations
in 𝐹𝐿 .
As demonstrated by Figure 4.2c, 𝐹𝑝𝑒𝑎𝑘 is significantly higher for folding compared
to the non-folding case. To consider whether different testing parameters play a role, 𝐹𝑝𝑒𝑎𝑘
is plotted as a function of 𝑑/𝑅 and 𝑣 for both cases (Figure 4.2d). In general, increasing
both 𝑑/𝑅 and 𝑣 increase 𝐹𝑝𝑒𝑎𝑘 within each case of folding or non-folding. The increase in
𝐹𝑝𝑒𝑎𝑘 from 𝑣 is likely associated with viscoelastic effects, while the increase from 𝑑/𝑅 is
likely due to the increase in contact area. By looking at a single 𝑣 to compare the two cases
(e.g. yellow open vs yellow closed points at 10 µ𝑚/s), we find that 𝐹𝑝𝑒𝑎𝑘 is higher for
folding cases compared to the non-folding cases. On the other hand, the observation of
folding versus non-folding between the two types of samples (i.e., aged in ambient light
versus freshly prepared) is consistent across two decades of velocities. This implies that
the formation of folds itself is not rate-dependent, although the rate can affect the measured
forces. These unique experimental observations motivate the following questions: What
governs the formation of folds and how do folds affect the lateral forces? Because the
experiments presented in Figure 4.2 exhibit higher 𝐹𝑃𝑒𝑎𝑘 for folding samples, it is intuitive
to assume that there is an increase in PDMS-particle adhesion energy (𝑊𝑎𝑑 ) with lightaging, which leads to the formation of folds.
4.3.2

Effect of adhesion energy

To dive deeper into how adhesion is related to the emergence of folds, we employ
finite element analysis (FEA) with the help of a collaboration. Note that all simulations
shown are conducted by our collaborators, Xingwei Yang and Rong Long. FEA is
performed to simulate the microscale indentation and sliding experiments using the
commercial package ABAQUS. The FEA model consists of two components: a rigid
sphere and a viscoelastic substrate. To reduce computational cost, a twodimensional (2D) plane strain model was built where the spherical indenter is
modelled as a rigid circle with diameter of 17 μm, and the substrate was a 200 μm
× 50 μm rectangle meshed with 2D plane strain elements (CPE4RH). In a
simulation, the indenter is first moved downwards at a velocity of 1 μm/s until a
desired indentation depth is achieved. After a 17-second relaxation step (to account
for the experimental time gap between normal indentation and lateral motion), the
indenter is moved horizontally with the indentation depth held fixed. Since
physically the 2D plane strain model represent the cross-section of an infinitely long
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cylinder in contact with the substrate, the lateral force obtained from the simulations
is a line force, i.e., force per unit length along the out-of-plane direction. To enable
comparison with experimental data, the total lateral force is defined by multiplying
the line force by the indenter diameter of 17 μm.
Adhesion between the sphere and the substrate is modeled by a cohesive zone with
tunable adhesion energy 𝑊𝑎𝑑 . Guided by the experimental data in Figure 4.2, we first run
simulations with 𝑑/𝑅 = 0.4 and 𝑣=1 µ𝑚/𝑠, and set 𝑊𝑎𝑑 to either a low (4 mJ/m2) or a
high (20 mJ/m2) value. Snapshots in Figures 4.3a and 4.3b are recorded in a similar fashion
to the images in Figure 4.2. Unlike the experiments, FEA allows for visualization of the
horizontal normal strain in the substrate, 𝜀𝑥𝑥 , as depicted by the color contours. Figure
4.3a.1 and 4.3b.1 show the sphere prior to the start of motion. As the sphere starts to move
laterally in the high 𝑊𝑎𝑑 simulation, a fold forms in front of the sphere where 𝜀𝑥𝑥 is highly
compressive (Figure 4.3a.2). Matching the experiments, the fold grows in size until it
detaches (Figure 4.3a.3 and 4.3a.4). The trailing edge features a region with high tensile
strain prior to detachment (Figure 4.3a.3). After detaching, the fold opens due to the high
tension (Figure 4.3a.4), and the surface returns to a low strain state while a new fold starts
to form (Figure 4.3a.5). However, for the low 𝑊𝑎𝑑 case, no folds form (Figure 4.3b.2) and
the substrate displays an asymmetric deformation, similar to that observed in our nonfolding experiments (Figure 4.2b). The absence of folds in the low 𝑊𝑎𝑑 case is consistent
with the significantly lower compressive strain 𝜀𝑥𝑥 in front of the sphere, compared to the
high 𝑊𝑎𝑑 case. Moreover, no folds are apparent at 𝐹𝑝𝑒𝑎𝑘 (Figure 4.3b.3), demonstrating
that the sphere slips before a fold is able to form. A plot of 𝐹𝐿 versus the translating lateral
displacement (Figure 4.3c) confirms that 𝐹𝑝𝑒𝑎𝑘 is higher for the folding case. Also
consistent with our experiments, simulations show an increase in 𝐹𝑝𝑒𝑎𝑘 with 𝑑/𝑅 and 𝑣
(Figure 4.3d).
Despite the qualitative agreement, quantitative discrepancies exist between the
FEA and experimental results that should be acknowledged. For example, the lateral forces
obtained in the FEA (Figure 4.3d) are a few times smaller than the experimental data
(Figure 4.2d). Additionally, in the non-folding case, FEA suggests that the lateral force
drops to a low plateau after 𝐹𝑝𝑒𝑎𝑘 (Figure 4.3c), while experiments show that the plateau
is at a level similar to 𝐹𝑝𝑒𝑎𝑘 (Figure 4.2c). These discrepancies are attributed to a number
of assumptions adopted to make the FEA model tractable while capturing the essential
physics including the 2D simulation vs 3D experiment difference. Nevertheless, FEA
provides the following physical picture for fold formation: Under high 𝑊𝑎𝑑 , a highly
compressive region materializes at the leading edge, which triggers the formation of a selfcontacting fold through a creasing type of instability. Although these FEA results offer
insight into the role of adhesion energy on the folding behavior, they have yet to be
experimentally tested.
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Figure 4.3. Capturing the folding and non-folding cases in FEA simulations. (a) A 2D
simulation with 𝑣=1 μm/s, 𝑑/𝑅=0.4, and 𝑊𝑎𝑑 =20 mJ/m2, in comparison to experiments in
Figure 4.2. The logarithmic normal strain in the x direction 𝜀𝑥𝑥 is shown at different states.
(a.1) The microsphere in contact with the surface prior to the start of motion. (a.2) Initiation
of folding. (a.3) The moment before the first fold releases, which is at 𝐹𝑝𝑒𝑎𝑘 . (a.4) The
moment after the first fold releases from the trailing edge and the peak force drops. (a.5)
The state after the fold has released while the next fold starts to form. (b) A simulation with
the same 𝑣 and 𝑑/𝑅 but with 𝑊𝑎𝑑 =4 mJ/m2; 𝜀𝑥𝑥 is shown in different states. (b.1) The
microsphere in contact with the surface prior to lateral motion. (b.2) The contact about
midway to 𝐹𝑝𝑒𝑎𝑘 . (b.3) The contact once it reaches 𝐹𝑝𝑒𝑎𝑘 . The color bars for a and b are
drawn below each part. (c) Lateral force vs lateral displacement curves for folding and nonfolding simulations; the number points correlate with the snapshots in parts a and b. d)
Simulation data of 𝐹𝑝𝑒𝑎𝑘 for folding and non-folding cases as a function of 𝑑/𝑅 and 𝑣.
4.3.3

Interfacial strength governs folding: Comparing experiments to FEA

With simulations showing that higher 𝑊𝑎𝑑 leads to the formation of folds, we set
out to test this prediction experimentally. One way to increase adhesion of PDMS to glass
is by short-duration UV-ozone treatment (UVO), which we anticipate to be easier to control
than ambient light-aging.141 Therefore, freshly prepared PDMS samples are UVO-treated
from 0 to 40 s; this range is expected to have a surface modification depth of the order ~1
nm,142 as opposed to longer UVO treatments (~ 10 minutes or more) that create a thicker
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glassy layer.143 Upon lateral testing at 𝑑/𝑅 = 0.1 and 𝑣=1 μm/s, samples treated for 10 s
or less show no folds (Figure 4.4a). For samples treated for 20 s or more, folds appear and
increase in size with increasing exposure. Fold size is defined here as the length of the selfcontacting fold before it is pulled underneath the probe. To compare UVO-treated surfaces
with light-aged surfaces, we conducted the same set of experiments but with aging in
ambient light conditions over the course of 1 to 4 days. Folds appear on light-aged samples
after 1 day and continue to grow in size up to 4 days (Figure 4.4b) (recall the data in Figure
4.2 is light-aged for 4 days). The folding behavior in the UVO and light-aged surfaces are
similar, with folds that grow with increasing exposure. For comparison, a fold after 40 s
UVO (Figure 4.4c) appears nearly identical to a fold after 3 days of light-aging (Figure
4.4d). In addition, increasing exposure time in both cases initially increases 𝐹𝑝𝑒𝑎𝑘 ;
however, a dip occurs once the fold size reaches approximately ~4 μm (i.e. 30 s UVO and
3-day light aging). This non-monotonic behavior suggests an intricate coupling between
folding and lateral force: Although nucleation of folds requires a high lateral force, further
growth of the folds can lower 𝐹𝑝𝑒𝑎𝑘 .
Since folds occur on both UVO and light-aged samples, we seek to confirm an
increase in adhesion energy for both cases. To measure adhesion, normal indentation and
pull-off tests are employed with the same colloidal probe (Figure 4.4e). According to the
Johnson-Kendall-Roberts (JKR) theory),62 the pull-off force is proportional to the adhesion
energy 𝑊𝑎𝑑 . Unfortunately, the freshly prepared samples and UVO-treated samples display
a pull-off distance outside the 15 µ𝑚 vertical limit of our AFM. However, the force-height
data are at least consistent with the expectation of increasing normal adhesion. Surprisingly
however, the pull-off distance and the work of separation (area under curve) decrease with
increased aging for the light-aged samples (Figure 4.4f). Curiously, this means that the role
of 𝑊𝑎𝑑 for the light-aged samples is not identical to UVO-treated surfaces, signaling that
a generic adhesion energy cannot be the only factor controlling the nucleation of folds and
the resulting lateral forces.
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Figure 4.4. Peak lateral force, fold size, and normal adhesion with surface treatments. (a)
Fold size and 𝐹𝑝𝑒𝑎𝑘 as a function of increasing UV ozone time. (b) Fold size and 𝐹𝑝𝑒𝑎𝑘 as
a function of increasing time in ambient light conditions. (c) A fold on a 40 s UVO treated
surface. (d) A fold on a 3-day light-aged surface. (e) Vertical adhesion force vs. height
curves of a surface exposed to UVO for different times. Inset: Confocal image showing
maximum vertical extension for a 40 s UVO treated surface. (f) Vertical adhesion force vs.
height curves of a sample with different light-aging times. Inset: Confocal image of
maximum vertical extension for a 4-day light-aged sample. Scale bars: 20 μm.

Since the folds theoretically originate from a creasing instability,144 their nucleation
should be governed by the maximum compressive strain attainable in front of the sphere;
this maximum strain scales with the maximum adhesive traction exerted on the elastomer.
The adhesion energy 𝑊𝑎𝑑 , defined as the energy required to separate a unit area of
interface, is related to but not equivalent to the adhesive traction. In our simulations,
adhesion is described by a bilinear function relating the magnitude of adhesive traction 𝜎,
and the relative separation 𝛿, between two points that are initially in contact (Figure 4.5a).
Hence, 𝑊𝑎𝑑 is equal to the area underneath the triangle defined by 𝜎(𝛿), i.e., 𝜎𝑚𝑎𝑥 𝛿𝑓 /2,
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where 𝜎𝑚𝑎𝑥 is the maximum traction (referred to here as the interfacial strength) and 𝛿𝑓 is
the final separation (Figure 4.5b). Under a given 𝑊𝑎𝑑 , the interfacial strength 𝜎𝑚𝑎𝑥 is not
uniquely determined when 𝛿𝑓 is varied. In energetic theories of adhesive contact (e.g., JKR
theory), 𝑊𝑎𝑑 alone is sufficient for describing adhesion. However, this is no longer the case
when 𝛿𝑓 is comparable to the length scale of the contact.4,145 Based on this line of reasoning,
we hypothesize that the interfacial strength 𝜎𝑚𝑎𝑥 is the main governing parameter for fold
nucleation rather than the typical 𝑊𝑎𝑑 .
To verify this hypothesis, we use the FEA model to examine three different cases
of controlling adhesion: (1) increasing 𝑊𝑎𝑑 by increasing 𝜎𝑚𝑎𝑥 and holding 𝛿𝑓 constant
(Figure 4.5c); (2) increasing 𝜎𝑚𝑎𝑥 while holding 𝑊𝑎𝑑 constant and decreasing 𝛿𝑓 (Figure
4.5d); and (3) increasing 𝑊𝑎𝑑 by increasing 𝛿𝑓 and holding 𝜎𝑚𝑎𝑥 constant (Figure 4.5e-5f).
The simulation results presented in Figure 3 are based on Case 1, where 𝑊𝑎𝑑 was assumed
to increases proportionally with 𝜎𝑚𝑎𝑥 . Since the fold formation itself is rate-insensitive
(Figure 4.2d), we take the substrate to be a neo-Hookean solid for simplicity. In Figure
4.5c, we show that in Case 1, the fold size increases from zero to non-zero as 𝜎𝑚𝑎𝑥 is
increased, indicating a transition from non-folding to folding (see snapshots in Figure 4.5c).
Interestingly, the 𝐹𝑝𝑒𝑎𝑘 data exhibits a dip as the fold size increases, which is qualitatively
similar to the experimental data in Figure 4.4a. In Case 2 (Figure 4.5d), we also find a nonfolding to folding transition and a dip in 𝐹𝑝𝑒𝑎𝑘 as 𝜎𝑚𝑎𝑥 is increased, despite 𝑊𝑎𝑑 being
fixed. In contrast, when 𝜎𝑚𝑎𝑥 is fixed (Case 3), a non-folding to folding transition is not
observed, even though 𝑊𝑎𝑑 is varied over an even larger range than Case 1 (Figure 4.5e).
To also test the effect of 𝜎𝑚𝑎𝑥 , in Fig. 5f we introduce a higher value 𝜎𝑚𝑎𝑥 , which is still
held constant (Case 3). Although a non-folding to folding transition is not observed, the
folds themselves appear (Figure 4.5f). Explicitly, our results show that the substrate always
exhibits non-folding when 𝜎𝑚𝑎𝑥 is low (Figure 4.5e) and always exhibits folding when
𝜎𝑚𝑎𝑥 is high, regardless of whether 𝑊𝑎𝑑 is fixed or varied. Combining the results from
these four cases, we conclude that the interfacial strength 𝜎𝑚𝑎𝑥 is the governing parameter
for fold formation, rather than the adhesion energy 𝑊𝑎𝑑 ; this helps resolve the seeming
paradox observed in Figure 4.4.
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Figure 4.5. Interfacial strength, not adhesion energy, governs fold formation. (a) Schematic
illustration of the contact between the rigid indenter and the substrate (left). The inset on
the right shows a zoomed-in view of the interface in its initial state when contact is just
established, and the separated state where the two surfaces are relatively displaced and thus
a traction 𝜎 and separation 𝛿 are used to define the interfacial adhesion. 𝛿𝑛 and 𝛿𝑡 are the
normal and tangential separations, respectively. (b) A cohesive zone model with bilinear
traction-separation law is used to define the adhesion energy 𝑊𝑎𝑑 on the interface. (c) Top:
Peak lateral force and fold size as a function of maximum strength 𝜎𝑚𝑎𝑥 for Case 1. The
inset shows the change in the cohesive zone model where 𝑊𝑎𝑑 is increased by increasing
𝜎𝑚𝑎𝑥 and holding 𝛿𝑓 = 2 μm constant. Bottom: Morphology of the system at the peak lateral
force with 𝜎𝑚𝑎𝑥 = 2.5 or 5.5 kPa. (d) Top: Peak lateral force and fold size as a function of
𝜎𝑚𝑎𝑥 for Case 2. The inset shows the change in the cohesive zone model where 𝑊𝑎𝑑 is
fixed at 5 mJ/m2 by increasing 𝜎𝑚𝑎𝑥 and decreasing 𝛿𝑓 . Bottom: Morphology of the system
at the peak lateral force with 𝜎𝑚𝑎𝑥 = 2.5 or 5.5 kPa. (e) Top: Peak lateral force and fold
size as a function of 𝑊𝑎𝑑 for Case 3. The inset shows the change in the cohesive zone
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model where 𝑊𝑎𝑑 is increased by increasing 𝛿𝑓 and holding 𝜎𝑚𝑎𝑥 = 3 kPa constant. Bottom:
Morphology of the system at the peak lateral force with 𝑊𝑎𝑑 = 1 or 15 mJ/m2. (f) Top:
Peak lateral force and fold size as a function of 𝑊𝑎𝑑 for Case 3. The inset shows the change
in the cohesive zone model where 𝑊𝑎𝑑 is increased by increasing 𝛿𝑓 and holding 𝜎𝑚𝑎𝑥 = 6
kPa constant. Bottom: morphology of the system at the peak lateral force under 𝑊𝑎𝑑 = 1
or 15 mJ/m2.
4.3.4

Discussion

The folds in our study are reminiscent of both surface creases and Schallamach
waves. Therefore, it is instructive to consider the similarities and distinctions of our folds
to these phenomena. Self-contacting surface creases occur when a global compression is
applied to a surface; for example, creases arise when attaching a soft layer to a pre-strained
surface146 and releasing, or simply applying a compressive strain on a soft block.147,148
Through calculations, crease nucleation has been illustrated to be similar to a first-order
transition,148 and also sensitive to local imperfections on the surface.149 Although confocal
microscopy images of surface creases resemble our folds, they have a different curvature
at the surface.150 Moreover, near the elastocapillary length creases can leave scars after
removal of strain due to capillarity and self-adhesion. In our case, 𝐿𝐸𝐶 ≈ 4 µ𝑚, assuming
𝛾 = 20 mN/m and 𝐸 = 5 kPa. Yet no scars are observed once the self-contacting fold
moves through the contact zone of the microparticle. The lack of scaring may be due to
low adhesion hysteresis but, more likely, is due to the state of tension at the trailing edge
that pulls the fold open. However, it is interesting to note that the dip in 𝐹𝑝𝑒𝑎𝑘 (Figure 4.4)
occurs when the fold size is near 𝐿𝐸𝐶 . Our folds are similar to Schallamach waves, where
a surface instability manifests from a build-up of compressive stress at the front, which
then passes through the contact zone.151 In contrast to conventional Schallamach waves
however, our folds are self-contacting such that no air gap is visible. The fold maintains a
self-contacting profile until it reaches the trailing edge and opens from the local tension.
Additionally, the fold geometry is relatively stable until it is near the trailing edge; we can
stop the probe for several minutes without the fold moving (Figure 4.2c-2e). Hence, the
folds discovered here bridge the physical mechanisms of surface creases and Schallamach
waves.
From an experimental standpoint, our investigation reveals the significance of
silicone aging on the interfacial mechanics of soft contacts. Soft materials, such as lightly
crosslinked PDMS, often have uncrosslinked free chains that are not tethered to the
polymer network.3,5 We previously found that the PDMS used here (60:1 Sylgard 184)
contains nearly 60% extractable materials.48 These mobile molecules have been shown to
form a liquid meniscus at the contact line of a stationary drop or microparticle.5,6 In our
case of a moving microparticle, the free chains are expected to reduce 𝜎𝑚𝑎𝑥 by acting as a
partial lubricant, lowering but not eliminating the network-particle contact.50,69,125,132,152,153
At the same time, free chains can aid in maintaining high normal adhesion due to
capillarity;154 we associate this case to the freshly-prepared, untreated surfaces. However,
minor stick-slip behavior may result from a mixed contact interface, where the particle is
partially in contact with network and partially in contact with free chains (free mobile
molecules) or dangling ends, which may also be the case for hydrogels.50,72,152,155-157 After
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ambient light-aging (Figure 4.2a), a line of increased fluorescence is observed at the
surface. We also notice that the fluorescent signal of our fluorescent monomer increases
after crosslinking into the network (Figure 4.6). Therefore, the increased fluorescence
suggests some extra crosslinking at the surface. This additional crosslinking would reduce
the amount of uncrosslinked free chains near the surface that could partially lubricate the
contact.

Figure 4.6. Fluorescent signal of the Fluorescein diacrylate dye molecule before (left) and
after curing (right). Note that the images are taken with the same microscope parameters
(e.g. excitation laser power and collection wavelength). Scale bar: 20 μm.
Although this crosslinking may lead to a marginal increase in modulus at the
surface, a stiff layer is not required for fold formation. To explore how the potential stiff
layer affects fold formation, we ran simulations with the 2D model to study the effect of a
stiff layer. In these simulations, the substrate was modelled as an incompressible, neoHookean solid with a shear modulus of 1.89 kPa (i.e., neglecting viscoelasticity). We added
a thin layer which is also modelled as an incompressible neo-Hookean solid but with a
shear modulus that is 100 times larger than the substrate. The thickness of this stiff layer
was varied from 50 nm up to 400 nm. Interestingly, when the stiff layer becomes thicker,
a higher adhesion energy is required for fold formation. In addition, with a thicker stiff
layer, the fold becomes larger and exhibits a rounded tip as opposed to the crease-like shape
when the stiff layer is thin. These results are consistent with the expectation that the stiff
layer is associated with a bending stiffness, which brings an extra energy penalty to surface
folding. Consequently, higher adhesion energy is required for fold formation with a thicker
stiff layer; the peak lateral force also increases with thickness correspondingly. Hence, we
believe that the light-aged samples have a higher 𝜎𝑚𝑎𝑥 due to a decrease in free chains near
the surface, and not due to an effect form a stiffer top layer.
4.4

Summary

We introduce a unique approach to experimentally investigate the mechanism of
static friction for a microscopic contact on a soft, adhesive surface. Using lateral force and
confocal microscopy, we show that both folding and non-folding cases can occur. Folding
emerges with sufficiently high interfacial strength between the particle and the surface,
which manifests experimentally through light-aging or UVO exposure. Interestingly, our
results show that a sufficiently high lateral resistance is required for folds to occur, although
the folds themselves can lower the measured peak lateral force (i.e. a dip occurs in the
𝐹𝑝𝑒𝑎𝑘 as a function of 𝜎𝑚𝑎𝑥 ). By tuning the parameters that govern adhesion energy in
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simulations, we conclude that the maximum interfacial traction plays a dominating role in
the fold-force relationship. Often, adhesive interactions are bucketed into an adhesive
energy, 𝑊𝑎𝑑 . However, our results indicate that the interfacial strength 𝜎𝑚𝑎𝑥 , rather than
𝑊𝑎𝑑 , is a better predictor of the folding behavior. Hence, one key insight arising from our
study is that 𝑊𝑎𝑑 alone is not sufficient to predict the nucleation of folds or to predict 𝐹𝑝𝑒𝑎𝑘 ,
but rather the specific parameters that define 𝑊𝑎𝑑 must be considered. Such results are
anticipated to be important for soft adhesives, tribological surfaces, and self-cleaning
coatings.
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CHAPTER 5. KINETIC FRICTION ON A LIGHTLY-CROSSLINKED, POLYDIMETHYLSILOXANE
SURFACE
5.1

Background

In this chapter, we expand our work in chapter 4 to explore the kinetic friction
behavior of microscale, soft elastomers. In particular, we look at the periodicity of the
folding relative to rate, indentation depth, and light-age treatment. Friction tests on the
macroscale of soft PDMS has reported that Schallamach waves can enable relative motion
between the two surfaces, as previously discussed in section 1.2.4. One example of
Schallamach waves was reported by Rand et al. who showed that the distance between
waves increased with an increase in the ratio of interfacial adhesion over the complex
elastic modulus; the distance between waves also increased with velocity.63 Additionally,
the formation of Schallamach waves is governed by the sliding speed, normal loading,66,67
as well as many other variables.63,65,66,75-78 We also showed in Chapter 4 that the interfacial
adhesion strength is the main factor that enables folding. Based on this prior knowledge, it
is expected that these variables would also influence the folding periodicity; therefore, we
investigate how friction is associated with varying the indentation depth at constant rate
and exposure time, the rate at constant indentation depth and exposure, and the light
exposure at constant rate and indentation depth. We find how the periodicity changes in
each of these situations and observe the transition from a general, ill-defined stick-slip to a
clearly defined folding mechanism that enables movement. It should be noted here that this
chapter only starts to investigate microscale kinetic friction on these substrates, and its an
ongoing work in progress.
5.2
5.2.1

Methods
Experiments

The experiments are generally identical to those performed in Chapter 4; however,
here we extend the experiment beyond the first few folds into the kinetic friction regime.
We continue to use the AFM with a colloidal probe, mounted on a confocal microscope,
and a high-precision stage. The samples and colloidal probe utilized are the same dyed 60
to 1 Sylgard 184 and glass particles utilized in Chapter 4. To determine the periodicity of
the fold and stick-slip behavior, the frame of each event is recorded from the confocal video
and averaged to get the number of frames between events. The frame is then multiplied by
the time per frame and the translation speed to determine the distance between folding
events.
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5.3
5.3.1

Results and Discussion
Mechanism

With the capability of our experimental setup described above, we are able to
collect lateral force data and x-z plane confocal images. Figure 5.1 shows a kinetic friction
test with a relative depth of 0.16, a rate of 1 μm/s, and a light-aging exposure of 4 days.
Unlike the static friction tests in Chapter 4, these tests are longer, allowing the system to
reach a steady state kinetic friction regime. Figure 5.1a shows the lateral force as a function
of time, where the kinetic friction regime is highlighted in yellow. On this figure, four spots
are marked, which correlate to the four confocal images in figure 5.1b. Interestingly, this
allows us to determine the cause of the force-time patterns of the force plot. Spot 1 shows
the contact right before the fold releases, which drops to spot 2 as the fold is released. Spot
3 shows the frame where a fold has reached its maximum size before being pulled under
the particle. The small peak here seems to be related to the transition to new surface contact
at the front of the probe, prior to the buildup of the next fold. The cycle is complete by
reaching spot 4, right before the fold releases. This connection between lateral force and
confocal images reveals that the larger amplitude wave is due to the fold release, while the
smaller amplitude peaks appear to be due to the fold being pulled under the probe. It should
be noted that the location of this smaller peak often changes compared to the larger
amplitude folds, depending on the variables tested.

Figure 5.1. (a) Lateral force vs time plot from a kinetic friction test with a relative depth of
0.16, a rate of 1 μm/s, and a light-aged exposure of 4 days. (b) Confocal images that
correspond to the numbers placements in (a).
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5.3.2

Light exposure

In Chapter 4, we found that light exposure led to folding. Here, we look at how the
periodicity, defined by distance between events, is affected by light exposure. The events
we focus on is the fold initiation, when the fold reaches its full vertical size (Figure 5.1b.3)
and when a release is observed (Figure 5.1b.2). A constant rate of 1 μm/s and minimal
indentation depth is used. Interestingly, two types of releases are observed. The first is a
release associated with generic stick-slip, where the adhered PDMS releases from the
probe; this is observed for the 0- and 1-day exposure, as shown in Figure 5.2a and recorded
in Figure 5.2b. The second type of release is associated with folding, which begin to form
around 2 days of light-aging. By day 3 of light-aging, the fold reaches the size where it
affects the peak lateral force, as demonstrated in Chapter 4. Additionally, the periodicity
of the release matches the periodicity of the fold initiation. Interestingly, the period
between the folds gets larger as the exposure increases, while the period of the release gets
smaller, such that they match. This shows a transition in movement mechanisms from
generic stick-slip to folding.

Figure 5.2. (a) The generic stick-slip release observed in the 0 days of exposure samples.
Note that the material has an initial wave shape behind the probe and flattens by the final
frame. Scale bar is 20 μm. (b) A comparison of the periodicity of fold initiating and the
release after various light exposure times when rate = 1 μm/s and minimal indentation
depth.
5.3.3

Indentation depth

To test how indentation depth affects the periodicity of fold initiation and release,
the relative indentation depth is varied from 0.09 to 0.33 while the rate is held at 1 μm/s
and the light aging is held at 4 days (Figure 5.3). We find a general increase in the travel
distance between folding and release with all initiation and releases having similar periods.
This is consistent with the results from varying light-aging days (Figure 5.2b), which shows
that the fold initiation and release have matching periods at 4 days of light aging.
Additionally, increasing the indentation depth increases the contact area and the static peak
lateral force (Figure 4.2d). The average kinetic lateral force is also expected to increase
with increasing indentation depth, but further analysis of data is needed to confirm such a
trend. However, the increased holding power that comes from a higher indentation depth
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is expected to increase the period distance, since more lateral force needs to build up before
a fold can be released.

Figure 5.3. A comparison of the periodicity of fold initiating and the release at various
relative indentation depths while the rate = 1 μm/s and exposure = 4 days.
5.3.4

Rate

In this section, the rate is varied while maintaining a constant relative indentation
depth of 0.16 and a constant light-aging time of 4 days (Figure 5.4). As the rate is increase
from 0.1 to 1 to 10 μm/s, the period between folds decrease from ~19 μm to 14 μm.
Additionally, the fold initiation and release overlay each other, similar to the indentation
depth results (Figure 5.3) and to the 4-day light exposure results (Figure 5.2b). This
suggests that the main factor in the folding and release periodicity is the light-aging time.
For 4-day light aging, the movement mechanism is always folding, within the tested range
of rate and indentation depth. It is not surprising that the period decreases as the rate
increases because the material has less time to relax at a higher translation rate. In other
words, viscoelastic relaxation that can happen more readily at the lower rates is limited at
the higher rates. In Chapter 4, the static peak lateral force was also shown to increase with
rate. Hence, both the results here and in chapter 4 (Figure 4.2d) are consistent and suggest
that viscoelastic properties can play a role as a function of testing rate.
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Figure 5.4. A comparison of the periodicity of fold initiating and the release at various
rates with a relative indentation depth of 0.16 and a light-aging time of 4 days is held
constant.
5.4

Summary and Future Work

In summary, we find that increasing light exposure time and indentation depth
increases the distance between folds, while increasing the rate reduces the distance between
folds. We find that fold releases lead to the large wave amplitude, while the smaller
repetitive peaks are associated with the fold formation and the fold being pulled under the
probe. Compared to Schallamach waves, we find a similar increase in periodicity with
increasing interfacial adhesion; however, our results differ in response when increasing
rate. Rather than increasing the periodicity,63 our results show a reduction in the periodicity
of folding events. Additionally, an interesting result is found when the light exposure time
is varied. The period of the release, first observed as a generic stick phase that releases
during slip phases, reduces to match the folding initiation period with increasing light
exposure. This demonstrates a change in moving mechanism from stick-slip to folding.
Further investigation, simulations, and analysis on the kinetic friction behavior is still
ongoing.
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CHAPTER 6. CONCLUSION
6.1

Conclusion and outlook

We have delved into the mechanical properties, microscale contact, and microscale
friction of lightly crosslinked PDMS. In these studies, we have repeatedly seen that free
chains have a large contribution in these behaviors. In Chapter 2, we present a simple and
inexpensive approach to extract uncrosslinked free molecules from lightly crosslinked
PDMS and perform tensile tests before and after extraction to quantify the Young’s
modulus, maximum strain, and dissipative behavior. We find that the response of the
material is governed by both the crosslinking density of the network and the presence of
free molecules when the mixing ratio is varied. Upon removal of free molecules, the
modulus, maximum stretchability, and amount of observed hysteresis increase. In Chapter
3, we have investigated how an initial layer of free chains (i.e. silicone oil) relates to
microscale contact. We show that the free chains apply a capillary force that causes
indentation into the solid PDMS surface. This suggests that the addition of an oil layer
transitions the balance of forces from solid adhesion dominated to liquid capillary
dominated. Additionally, we find that the downward capillary force reduces as the
thickness of the oil layer increases, relative to the particle diameter. A model is
developed that includes elasticity, adhesion, surface stress, and liquid capillary
forces that is able to capture the experimental results. In Chapter 4, we introduce a
unique approach that combines lateral force microscopy with confocal microscopy to
experimentally investigate the mechanism of static friction for a microscopic contact on a
soft, adhesive surface. Upon translating the substrate laterally, folding emerges in front of
the particle with a sufficiently high lateral resistance, although the folds themselves can
lower the measured peak lateral force. Free chains again arise as an important factor in
folding; reducing free chains, due to increased crosslinking at the surface from light
exposure, leads to folding. In Chapter 5, we start to investigate the kinetic friction behavior.
In particular, we focus on the periodicity of folding and find that increasing light exposure
time and indentation depth increases the distance between folding events, while increasing
the rate reduces the distance between folding events. Additionally, with low light-aging,
we find a stick-slip release that has a longer period than the folding release period that
occurs after 3 days of light-aging. This suggests that a transition exists in the moving
mechanism going from stick-slip to folding with light aging.
Overall, this dissertation provides insight into microscale contact and friction of
lightly crosslinked PDMS-based elastomers. PDMS is commonly used as a model material
for soft materials; however, the effect of free chains is still not well understood. This work
shows that lightly crosslinked and fully crosslinked soft materials must be differentiated as
different physical mechanisms govern the contact and friction response. A better
understanding of the contact and friction should aid in the development of soft, lightly
crosslinked materials for a broad range of applications, for example in biomaterials or
adhesives. This dissertation extends our knowledge of friction on soft polymer networks
by visualizing a smaller size scale than has previously been experimentally investigated.
This new visualization reveals how the substrate applies a lateral force to the probe, causing
the peaks and valleys as the material sticks, slips, or folds. Our hope is that this work
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provides insight for future studies on how soft materials deform and enable movement.
Additionally, these results would not only be applicable to the small scale, but also to
macroscale friction where real contact often occurs at small contacts points.

6.2

Future work

This work has demonstrated several unique methods and findings that open many
avenues for future studies. Starting with Chapter 2, we presented the interfacial extraction
method that enables the removal of uncrosslinked materials from PDMS. This method
would also likely work on other polymer networks with the appropriate density to stay at
the water organic interface. Alternatively, the solvents used to float and extract the free
material could be altered to expand the material range. In Chapter 3, the ability to balance
a capillary force against the substrate properties enables the ability to determine the liquid
surface tension which enables other fluids to be characterized beyond just silicone oil;
however, confirmation of the proposed model by studying other material systems should
be conducted to reinforce accuracy of our model. Also, a limitation of our study is the dye
diffusion between the solid and liquid phases. Since the materials are chemically identical,
the dye has the same general affinity to both phases. This diffusion was combated by
selecting a dye, fluorescein diacrylate, which crosslinked to the solid phase during curing.
A silicone oil that also has a dye crosslinked to it would further combat this problem for
future studies. Additionally, future efforts should consider how the indentation mechanics
is affected by swelling of the oil layer into the polymer network over time.
In Chapters 4 and 5, we utilize a unique method to study microscale friction. This
enables the visualization of what governs the lateral resistance of a microparticle moving
laterally on an adhesive surface. Although a limitation of our system is the need to be
able to see through the material, other materials aside from silicone elastomers, which
were the focus of our work, could be considered. Rather than lightly-crosslinked PDMS,
fully crosslinked PDMS, silicone oil on glass, transparent greases, hydrogels,
biomaterials, and other material systems, could be investigated for other application
areas. Based on our findings related to friction, new questions have come to light that
should be investigated. For example, an open question from Chapter 4 is if the observed
folds behave like microscale Schallamach waves. A study investigating the transition
from macroscale Schallamach waves to the microscale folds would help elucidate how a
size scale transition is made. Additionally, a more detailed comparison of these
microscale folds to compression creases should be considered to determine if a relation
between the periodicities exists. Additionally, these folds are expected to be dependent on
the substrate being sufficiently soft; however, we have not conducted a thorough study
that varies the substrate modulus. Investigating what mechanical properties are required
for folding to occur would guide future designs in applications where folding would be
detrimental. Overall, the work presented in this dissertation has provided strong
foundation for future efforts in microscale adhesion and friction of soft substrates.
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